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ABSTRACT 
The processes of transport and mixing in stratified open channel flows are 
investigated in this thesis. Detailed measurements of velocity and salinity were 
conducted, through the use of Laser Induced Fluorescence (LIP) technique together 
with Laser Doppler anemometry, so that the effects of secondary current and 
stratification on the flow behaviour could be analysed. 
Two configurations were investigated: a rectangular open channel, and a compound 
open channel. For each configuration, 4 different stratification levels were analysed. 
The main flow characteristics, such as corner flow and velocity dip in a rectangular 
channel, and the twin vortices formed in compound channels, were found to be 
affected by stratification. 
In order to understand the mechanisms involved in secondary flow generation, the 
vorticity balance was carried out. Through the vorticity balance, the contribution of 
each term in the longitudinal vorticity equation could be evaluated. The mechanisms 
involved in the turbulence generation were also verified through the turbulent kinetic 
energy (TKE) budget. One of the contributions of this work refers to the 
understanding of the effects of stratification on turbulence and secondary flow 
generation. 
The exchange coefficients of momentum and solute were also investigated. These 
coefficients were found to depend not only on stratification level but also on other 
flow parameters, like for instance the aspect ratio. A new formulation is proposed for 
narrow channels, but more research is necessary in order to evaluate the effect of 
other parameters on the exchange coefficients. 
Key words: Stratified flow, Compound channel, Secondary current, Mixing 
processes, Exchange coefficients, Turbulent flow, Open channel. 
iii 
ACKNOWLEDGEMENTS 
First of all, I'd like to acknowledge my supervisor, Professor Koji Shiono, for all his 
support, guidance and encouragement, during the development of this work. 
Acknowledgements also go to Dr. Tong Feng, for all the assistance and help during 
the first stage of this research. The majority of the data presented in this research were 
collected together with Dr. Feng, and during this time I learned a lot from him. 
I would like also to express my gratitude to Dr. Edmilson Costa Teixeira, for all the 
encouragement and support to carry on this research. 
I also would like to thank all the staff members of the Civil and Building Engineering 
department and laboratories, for their constant support to the realisation of this work. 
I could not forget all the support and encouragement received from Dr. Ponnambalam 
Rameshwaren (Ramesh), Dr. Jake Spooner (Jake) and Mr. Tuck Leong Chan (Tony). 
In particular I'd like to thank Dr. Jake Spooner for his comments on the final version 
of this work. 
Being far away from home during this long period could be very hard if friends were 
not around to offer some support when the times were tough. All of you made my stay 
here very special. In particular, I would like to thank all the Brazilians who became 
my surrogate family while abroad. For all of you, thank you very much. 
I also have to apologise with my family for being absent for such a long time. Besides 
the Atlantic separating us, all of you always had a special place in my heart. 
And finally, I'd like to acknowledge CAPES, an agency of the Brazilian Federal 
Government, for the financial support to develop this work. 
iv 
CONTENTS 
Certificate of originality ................................................................. ii 
Abstract ................. , ...... .. . . ... .. ... ... .... .. ...... ... . .. ... .. . .. . ... .. . ... . . .... .. . iii 
Acknowledgements.................................................................. ..... iv 
Contents .................................................................................... v 
List of figures ........................................................................... ... ix 
List of tables ............................................................................... xiii 
List of symbols ............................................................................. xiv 
1 Introduction............................................................................. 1 
2 Literature review ............................................. .... . . . . . . . . . . . . . . . . ... . .. 4 
2.1 Velocity distribution and secondary currents in closed channels .. , ......... 4 
2.2 Velocity distribution and secondary currents in narrow open channels .... 6 
2.3 Vorticity balance .................... , .................... , .... .. . .. .. . ... . ..... ... 7 
2.4 Turbulent characteristics ......................................................... 9 
2.4.1 Turbulent intensities ....... ..... ... ... ........ .... ................... ........ 10 
2.4.2 Turbulent kinetic energy - TKE ................................. ...... .... 11 
2.4.3 Effect of stratification on turbulent intensities and TKE ......... ...... 11 
2.4.4 Turbulent density intensity....... . .. . ... ..... .... .. ... .. ...... .... .. .. . . .... 12 
2.4.5 Reynolds shear stress. .. ... ... ..... . . ... .. ... ... .. .. .. ... ... ... ... . .. .. . .... 13 
2.4.5.1 Eddy viscosity concept......................................... ....... 15 
2.4.5.2 Mixing length concept ................................................ 16 
2.4.6 Reynolds flux................................................................ 16 
2.4.6.1 Eddy diffusivity concept............................................. 17 
2.4.6.2 Mixing length concept ................................................ 18 
2.4.7 Effects of stratification on Reynolds stress and flux - the exchange 
coefficients.................................................................. 18 
2.4.8 Turbulent Schmidt number... ...... ... . ..... .. .. .. ... ...... ...... ......... 20 
2.5 Turbulent kinetic energy budget ............................................. ... 22 
2.6 Compound channels .............................................................. 24 
2.6.1 Overall flow mechanisms ..................................... ......... ..... 25 
2.6.2 Longitudinal velocity distribution ............................... ....... ... 26 
2.6.3 Secondary currents .................................................... ...... 27 
v 
2.6.4 Turbulent intensities and TKE ................................ .... . . ... . .... 28 
2.6.5 Reynolds shear stress.. ... ..... . . . .. . ..... ... ... . .. ... ... . .. .. . ... . .... . .... 29 
2.6.6 Reynolds flux................................................... ......... . ..... 29 
2.6.7 Turbulent kinetic energy budget................................. .......... 30 
2.6.8 Effect of relative depth on flow behaviour......................... ...... 30 
2.6.9 Stratification effects on flow behaviour ................................... 31 
3 Theoretical Background .................................... ............... ..... ...... 33 
3.1 Flow equations .................................................................... 33 
3.2 The closure problem.............................................................. 36 
3.3 Vorticity equation... ... ... ...... .. ....... ... ... ... .. ... . ....... ..... . ........ ... ... 36 
3.4 Turbulent kinetic energy budget...... .. . ..... .. . ..... ....... .. ....... . ......... 38 
3.4.1 Correlation function and energy spectrum ..................... ......... 39 
3.4.2 The inertial sub-range and the turbulent energy dissipation. ... ....... 41 
4 Methodology............ ...... .. ..... .. .... ..... ...... .. ....... ........ .... .... . . ........ 42 
4.1 Experimental apparatus................................................... ........ 42 
4.1.1 Rectangular channel ........................................................ 43 
4.1.2 Compound channel ......................................................... 44 
4.1.3 The hydraulic circuit ....... .... ..... ........ ..... ....... ...... ...... ... ..... 46 
4.2 Measurement techniques .................. :...................................... 47 
4.2.1 Laser Doppler anemometer... ... .. . ... ... ... ... ......... ... . ..... ... ... ... 48 
4.2.1.1 Three-dimensional measurements .................................. 50 
4.2.1.2 The traverser system...... ... . .. ... .. . ..... ............ .. .... ... . ..... 51 
4.2.1.3 Resolving velocities. .... .... ... ... ....... .. ... .. ... . ... ...... ... ...... 52 
4.2.1.4 Velocities correction. .... ............ ..... .......... .... .... ..... ..... 53 
4.2.1.5 System specification...... .... ........ ... .. ....... ... ... .... .. ... ..... 55 
4.2.2 Conductivity sensor...................................................... ... 55 
4.2.3 Laser induced fluorescence... .. ... .... ... ......... ... ... ... ......... ... ... 56 
4.2.4 LDA and LIF measurements in stratified flows ......................... 58 
4.2.5 Flow visualisation......... ......... . ..... .. .... ... ... ...... ... ... ... ........ 59 
5 Rectangular channel results ................. . . . . . . . . . . . . . . . ..... . . . . . . . . . . . . . . . .... .. 61 
5.1 The inlet condition. ..... ... ..... .... ...... ... ......... ............ ...... .... ..... 62 
5.2 The mean flow and its development ........................................... 63 
5.2.1 Stratification effects on flow development... ... ........ . ..... .... ...... 67 
vi 
5.2.2 Concluding remarks...................................................... ... 73 
5.3 Density distribution........................................................... .... 74 
5.4 Flow visualisation of the mixing process in stratified flow................. 78 
5.5 Vorticity ...... ............. ..... ... ......... ... ....... ...... ................. ... .... 80 
5.5.1 Vorticity balance ... ..... ... ..... .... .... ............... ...... ...... ... ...... 83 
5.5.2 Stratification effects on the vorticity balance...... ... ........... ... ..... 85 
5.5.3 Concluding remarks ................................. ........................ 90 
5.6 Turbulent intensities and the turbulent kinetic energy... ... ......... ........ 91 
5.6.1 Non-stratified flow......................................................... 92 
5.6.1.1 The wall effect............................................ ............. 96 
5.6.2 Stratification effects on turbulent intensities and TKE ................ 99 
5.6.2.1 The wall effect ........ ................................................. 102 
5.6.3 Concluding remarks...................................................... ... 107 
5.7 Turbulent density intensity..... .... ..... ............. ... ...... ...... ... ......... 107 
5.8 Reynolds shear stress ... ... ... ... ...... ... ... ... ... ...... ... ... ........... ........ 109 
5.8.1 The vertical transfer oflongitudinal momentum ........................ 110 
5.8.2 The lateral transfer oflongitudinal momentum .......................... 113 
5.8.3 The vertical transfer of lateral momentum.............. ............. .... 115 
5.8.4 Concluding remarks..................................................... .... 116 
5.9 Reynolds flux..................................................................... 117 
5.10 Stratification effects on Reynolds stress and flux - the exchange 
coefficients ...................................................................... 122 
5.10.1 Reynolds stress.. ........... .............. ................................ ... 122 
5.10.1.1 Concluding remarks .................................................. 130 
5.10.2 Reynolds flux............................. ................................ ... 130 
5.10.3 The flux Richardson number............ ....... .... .... ........... ........ 130 
5.10.4 The turbulent Schmidt number ........................................... 131 
5.11 Turbulent kinetic energy budget ............................................... 133 
5.11.1 Effects of stratification on TKE balance ................................ 136 
6 Compound channel results ............................................................ 142 
6.1 Secondary flow and longitudinal velocity distribution .......... ........ .... 142 
6.1.1 Stratification effects on longitudinal velocity............ ... ..... ....... 144 
6.1.2 Stratification effects on secondary currents ....... ..... ... ...... ... ...... 146 
vii 
6.2 Density distribution............ .... ........... ... ... ..... .... .... ..... ... .... ..... 148 
6.3 Flow visualisation of the mixing process in compound channel ........... 150 
6.4 Vorticity........................................................................... 152 
6.4.1 Vorticity balance. ..... ... ......... ......... ..... ... ..... ............ ........ 154 
6.4.2 Stratification effects on vorticity balance .............................. ... 155 
6.4.3 Concluding remarks...................................................... ... 157 
6.5 Turbulent intensities and the turbulent kinetic energy..................... ... 158 
6.5.1 Stratification effects on turbulent intensities and TKE .... ..... ....... 159 
6.6 Reynolds shear stress........ ..................................................... 161 
6.6.1 The vertical transfer of longitudinal momentum ........................ 161 
6.6.2 The lateral transfer of longitudinal momentum. ... ......... .... ..... .... 163 
6.6.3 The vertical transfer oflateral momentum ... ... ................ ......... 164 
6.6.4 Concluding remarks ......................................................... 165 
6.7 Turbulent density intensity and Reynolds flux ...... ... ... .... ... ... .......... 166 
6.8 Turbulent kinetic energy production ...... ... ...... ...... ...... ......... ........ 166 
6.9 Effect of relative depth on flow behaviour.................................... 168 
7 Conclusions ..................................................... .... . . . . . . . . . . . . . . . . ... . .. 171 
7.1 Rectangular channel .............................................................. 171 
7.2 Compound channel ............................................................... 173 
7.3 Future work ........................................................................ 175 
References ......................................... ........................................... 176 
. viii 
LIST OF FIGURES 
Figure 2.1 Fully developed turbulent flow in a rectangular duct ...... ......... 5 
Figure 2.2 Schematic representation of open channel flow ..................... 7 
Figure 2.3 Transport and mixing mechanisms in a compound channel........ 26 
Figure 2.4 Longitudinal velocity distribution and secondary currents in a 
compound open channel ........................... .... ..... ...... ... 27 
Figure 4.1 
Figure 4.2 
Figure 4.3 
Figure 4.4 
Figure 4.5 
Figure 4.6 
Figure 4.7 
Figure 4.8 
Figure 4.9 
Figure 4.10 
Figure 4.11 
Figure 5.1 
Figure 5.2 
Figure 5.3 
Figure 5.4 
Figure 5.5 
Figure 5.6 
Figure 5.7 
Figure 5.8 
Figure 5.9 
Schematic view of the rectangular channel .......................... . 
Schematic view of the compound channel ........................... . 
Schematic representation of the hydraulic circuit ................... . 
Schematic representation of the LDA system ....................... . 
3-Dimensional LDA system ........................................... . 
The traverser system ..................................................... . 
Co-ordinate transform system .......................................... . 
Typical calibration curve for conductivity sensor .................. . 
Comparison between concentrations measured with conductivity 
sensor (CS) and laser induced fluorescence technique (LIP) ... 
Comparison of turbulent density fluctuations measured with a 
Conductivity Sensor (CS) and Laser Induced Fluorescence 
technique (LIP) ...................................................... . 
Schematic representation of the visualisation technique ........... . 
Schematic representation of the velocity distribution and 
secondary currents in the inlet of the open channel ............. . 
Velocity profiles at section 1, xl Dh =12 ........................... . 
Velocity profiles at section 2, x I Dh = 24 .......................... . 
Velocity profiles at section 3, x I Dh = 48 .......................... . 
Longitudinal velocity profiles at section 1, x I Dh = 12 ........... . 
Secondary flow profiles at section 1, x I Dh = 12 ................... . 
Longitudinal velocity profiles at section 3, x I Dh = 48 ........... . 
Secondary flow profiles at section 3, x I Dh = 48 .................. . 
Density distribution and secondary flow currents at different 
locations along the channel, DDi = 1 kg/m3 case ............... . 
43 
45 
47 
49 
50 
51 
53 
56 
57 
59 
60 
62 
64 
65 
66 
68 
70 
71 
72 
75 
ix 
Figure 5.10 Density distribution and secondary flow currents at section 3, 
xl Dh =48 ............................................................ 77 
Figure 5.11 Instant digital video frames for non-stratified and highly 
stratified flows along the open channel inlet region ............. 79 
Figure 5.12 Longitudinal vorticity (.Q}) and secondary currents at 
xl Dh =48 ............................................................ 81 
Figure 5.12 Longitudinal vorticity (.Q}) and secondary currents at 
(cont.) x I Dh = 48 ....................................................... ..... 82 
Figure 5.13 Longitudinal vorticity balance at x I Dh = 48, non-stratified flow 84 
Figure 5.14 Longitudinal vorticity balance at x I Dh = 48 , DDi = 1 kglm3 ••••• 86 
Figure 5.15 Longitudinal vorticity balance at x I Dh = 48 , DDi = 3 kglm3 ••••• 88 
Figure 5.16 Longitudinal vorticity balance at x I Dh = 48, DDi = 5 kglm3 ••••• 90 
Figure 5.17 Turbulent intensity profiles at the centre line ofthe channel....... 92 
Figure 5.18 Comparison of turbulent intensities at centre of the channel with 
the expressions presented by Nezu and Nakagawa (1993) ...... 93 
Figure 5.19 Comparison of TKE profile at centre of the channel with the 
expressions presented by Nezu and Nakagawa (1993) .......... 95 
Figure 5.20 Turbulent intensity profiles at different vertical positions.......... 97 
Figure 5.21 Turbulent kinetic energy profiles at different vertical positions ... 98 
Figure 5.22 Turbulent intensity for different stratification levels. ..... .......... 101 
Figure 5.23 Turbulent kinetic energy for different stratification levels ... ... ... 102 
Figure 5.24 Turbulent intensity profiles at specific depths, u'/u* ........ ..... .... 103 
Figure 5.25 Turbulent intensity profiles at specific depths, v'/u* ..... ........ .... 104 
Figure 5.26 Turbulent intensity profiles at specific depths, w'/u* ............. ... 105 
Figure 5.27 Turbulent kinetic energy profiles at specific depths, klu* ........... 106 
Figure 5.28 Turbulent density intensity and density distributions at section 3, 
xl Dh =48 ............................................................ 108 
Figure 5.29 Shear stress and velocity distribution at section 3, x I Dh = 48 ... 110 
x 
Figure 5.30 Shear stress distribution, - p uw I p u * 2 , at x I Dh = 48 .......... 111 
Figure 5.31 Shear stress, - p uw I p u * 2 , for different stratification levels.... 113 
Figure 5.32 Shear stress distribution, - p uv I p u * 2 , at x I Dh = 48 ........ ... 114 
Figure 5.33 Shear stress distribution, - pvwl p u *2 ,at xl Dh = 48 ........... 116 
Figure 5.34 Effect of vertical velocity fluctuation on Reynolds flux............ 118 
Figure 5.35 Reynolds flux (wc) and density distributions at section 3, 
xl Dh=48 ............................................................ 119 
Figure 5.36 Reynolds flux (vc) and density distributions at section 3, 
x1Dh=48 ............................................................ 121 
Figure 5.37 Velocity and shear stress profiles below the position of 
maximum velocity................................................... 124 
Figure 5.38 Eddy viscosity coefficient profile for homogeneous flow... .... .... 125 
Figure 5.39 Exchange coefficient for eddy viscosity............................... 126 
Figure 5.40 Exchange coefficient for mixing length............................... 128 
Figure 5.41 Reynolds shear stress calculation using different formulation ..... 129 
Figure 5.42 Flux Richardson number against gradient Richardson number .... 131 
Figure 5.43 Variation of Schmidt number with stratification ...... ........ ....... 132 
Figure 5.44 Turbulent kinetic energy budget (homogeneous flow) .............. 134 
Figure 5.45 Turbulent kinetic energy budget (DDi = 1 kglm3) ••••••••••••••••••• 137 
Figure 5.46 Turbulent kinetic energy budget (DDi = 3 kglm3) ••••••••••••••••••• 138 
Figure 5.47 Turbulent kinetic energy budget (DDi = 5 kglm3) ••••••••••••••••••• 139 
Figure 5.48 Stratification effects on TKE budget (ylB=0.45) .... ..... ... ... ..... 141 
Figure 6.1 Longitudinal velocity distribution and secondary current profiles 
at xl Dh =76, non-stratified flow case ............................ 143 
Figure 6.2 Longitudinal velocity distributions at x I Dh = 76 .............. ...... 145 
Figure 6.3 Secondary flow profiles x I Dh = 76 ............... ............. ........ 146 
Figure 6.4 Density distributions and secondary currents at x I Dh = 76 ....... 149 
Figure 6.5 Instant digital video frames for non-stratified and highly 
stratified flows along the open channel inlet region ... .... ...... 151 
Figure 6.6 Longitudinalvorticity(100Q1 /(U/H») at xl(4Rh)=76........ 153 
Figure 6.7 Longitudinal vorticity balance at xlDh = 76, non-stratified flow 154 
xi 
Figure 6.8 Longitudinal vorticity balance at xlDh = 76, DDi = 5 kg/m3 ... ... 156 
Figure 6.9 Turbulent intensities and TKE at xl(4Rh) = 76, non-stratified 
flow ..................................................................... 158 
Figure 6.10 Turbulent intensities and TKE at xl(4Rh) = 76, DDi = 5 kg/m3 •• 160 
Figure 6.11 Shear stress ( - p uw I p u * 2) distributions and secondary 
currents at xl Dh = 76 ......... .... ..... ............ .... ..... ......... 162 
Figure 6.12 Shear stress (- puvl P u *2 ) distributions at xlDh = 76 ......... 164 
Figure 6.13 Shear stress (_pvwlpu*2 ) distributions at x1Dh=76 ........ 165 
Figure 6.14 Turbulence production distributions at xlDh = 76 ..... ...... ... ..... 167 
Figure 6.15 Effect of relative depth on flow behavior ................. .......... ... 169 
xii 
Table 4.1 
Table 4.2 
LIST OF TABLES 
Flow parameters for the Rectangular channel cases ................ . 
Flow parameters for the Compound channel cases .................. . 
44 
45 
xiii 
ar 
A 
b 
b' 
B 
B 
c 
C 
-C 
CS 
df 
D 
Dh 
DD 
DDi 
E 
E(/) 
I 
Ib 
ID 
Is 
Fi 
FP 
g 
gi 
h 
H 
LIST OF SYMBOLS 
Aspect ratio 
Critical aspect ratio 
Advective tenn 
Main channel width 
Value of £ s / £ m for neutral condition 
Channel width 
Buoyancy tenn 
Solute fluctuation 
Mean solute concentration 
Instantaneous solute concentration 
Conductivity sensor 
Fringe distance 
Diffusi ve tenn 
Hydraulic diameter 
Density difference 
Density difference at the inlet of the channel 
Dissipation tenn 
Energy spectrum 
Frequency 
Burst frequency 
Doppler frequency 
Shifted frequency 
Reynolds flux 
Flood plain 
Gravitational acceleration 
Gravitational acceleration in the Xi direction 
Flood plain depth 
Depth of the flow 
Position of maximum velocity 
Position of zero shear stress 
xiv 
k 
L 
LDA 
LIP 
MC 
n 
N 
P 
P 
-p 
Q( T) 
s 
S 
So 
Se 
Se 
S(kJ 
t 
T 
TKE 
Complex number, i = F 
Turbulent kinetic energy 
Wave number 
Longitudinal length 
Mixing length 
Mixing length for the homogeneous flow condition 
Mixing length for solute 
Laser Doppler anemometer 
Laser induced fluorescence 
Main channel 
Summation index 
Total number of elements in the time series 
Static pressure 
Production term 
Instantaneous static pressure 
Auto correlation function 
Flow rate in the lower duct 
Flow rate in the upper duct 
Flux Richardson number 
Critical flux Richardson number 
Hydraulic radius 
Gradient Richardson number 
Salinity fluctuations 
Time averaged salinity 
Energy slope 
Turbulent Schmidt number 
Solute source term 
Energy spectrum in the wave number domain 
Time 
Integration time 
Averaging time interval 
Turbulent kinetic energy 
xv 
u 
u' 
u* 
u 
u 
u 
-u 
Umax 
Ux 
Uy 
Uz 
Ux' 
Uy' 
Uz' 
u(J) 
uc 
v 
v' 
V 
-V 
Velocity fluctuation in the longitudinal direction 
Turbulent intensity in the longitudinal direction 
Shear velocity 
Velocity fluctuation in the Xi direction 
Velocity fluctuation in the xi direction 
Time averaged longitudinal velocity 
Generic velocity component 
Mean cross-sectional velocity 
Velocity measured by the green laser beams 
Velocity measured by the blue laser beams 
Velocity measured by the violet laser beams 
Time averaged velocity in the Xi direction 
Time averaged velocity in the Xi direction 
Instantaneous velocity in the longitudinal direction 
Instantaneous velocity in the Xi direction 
Instantaneous velocity in the Xi direction 
Maximum velocity 
Longitudinal velocity in the new coordinate system 
Lateral velocity in the new coordinate system 
Vertical velocity in the new coordinate system 
Corrected longitudinal velocity in the new coordinate system 
Corrected lateral velocity in the new coordinate system 
Corrected vertical velocity in the new coordinate system 
Amplitude spectrum 
Reynolds flux component in the Longitudinal direction 
Reynolds flux 
Velocity fluctuation in the lateral direction 
Turbulent intensity in the lateral direction 
Time averaged lateral velocity 
Instantaneous velocity in the lateral direction 
xvi 
vc 
w 
w' 
w 
-w 
wc 
x 
y 
z 
a 
Reynolds flux component in the Lateral direction 
Velocity fluctuation in the vertical direction 
Turbulent intensity in the vertical direction 
Time averaged vertical velocity 
Instantaneous velocity in the vertical direction 
Reynolds flux component in the Vertical direction 
Longitudinal direction 
Flow co-ordinates in tensor notation 
Lateral direction 
Vertical direction 
Kolmogoroff constant 
Exponent for the exchange coefficient for momentum 
Exponent for the exchange coefficient for solute 
Constant for the exchange coefficient for momentum 
Constant for the exchange coefficient for solute 
Kent and Pritchard constant 
Rossby and Montegomery constant 
Complement of the angle between the focal axis and the 
direction of the flow 
Angle between the beam plane and the channel bed 
Angle between the beam plane and the channel wall 
Turbulent energy dissipation rate 
Eddy viscosity 
xvii 
r 
K 
v 
B 
p 
p' 
-P 
Pr 
-puw 
-puv 
-pvw 
T 
'! .. 
I,j 
gJ 
g2 
g3 
IJI 
'¥ 
-
'¥ 
Eddy viscosity for the homogeneous flow condition 
Eddy diffusivity 
Eddy diffusivity for the homogeneous flow condition 
Molecular diffusivity 
von Karman' s constant 
Wave length 
Molecular viscosity 
Angle between the shifted and the unshifted beams 
Density 
Turbulent density intensity 
Instantaneous density 
Reference density 
Reynolds shear stress 
Reynolds shear stress components 
Time lag 
Reynolds shear stress 
Longitudinal vorticity 
Lateral vorticity 
Vertical vorticity 
Fluctuating value of a generic quantity 
Mean value of a generic quantity 
Instantaneous value of a generic quantity 
xviii 
CHAPTER! 
Introduction 
The expansion of cities and the implementation of new industries to satisfy the 
demands of population have lead to an increasing concern about the use of water and 
the final destination of effluents. Therefore, new policies concerning the management 
of water bodies, such as rivers, estuaries, and coastal waters, have been introduced so 
that a more effective use of these resources is made. In order to improve the 
management of water bodies, scientists and engineers have focused their attention on 
the need to understand the mixing mechanisms in these environments, which control 
the transport rate of solutes. 
The transport and mixing mechanisms in turbulent flows are very complex. In many 
cases of practical importance, such as estuarine flows, the situation can become even 
more complex due to stratification, which is typically induced by river discharge or in 
some cases by cooling water discharge from a thermal power plant. Stratification 
reduces the vertical mixing of solutes and ecologically important variables such as 
phyto-plankton, heat and nutrients and also increases the vertical shear. Consequently, 
the longitudinal dispersion coefficient in estuaries and coastal waters may be 
considerably enhanced. 
The values of dispersion and diffusion coefficients have, so far, been found to vary 
considerably depending on turbulent levels, secondary flows, shearing flows and 
degree of stratification. However, there is only limited data available to aid the 
understanding of momentum and solute flux exchanges due to the effect of these 
phenomena in stratified flow conditions. 
The turbulent Schmidt number (the ratio between momentum to solute diffusivities) is 
an important parameter to the understanding of momentum and solute flux exchanges 
in stratified flow conditions. This parameter was found to vary considerably with the 
stratification level, which is usually represented by the local gradient Richardson 
number. One of the many reasons is that, in partially stratified flow, secondary flows 
can be induced by the effect of lateral shear, producing lateral density gradients, 
which increases the mixing rate of solute. This was first postulated by Smith (1976), 
partially observed by Nunes and Simpson (1985) in Conwy estuary and recently 
demonstrated by a quasi three-dimensional numerical model using the mixing length 
approach (Scott, 1994). 
Even for a non-stratified flow, secondary flows, induced due to anisotropy of 
turbulence, have been found to exist in rectangular open channels and compound 
channels [Lin and Shiono, 1992; CokJjat and Younis, 1995; Ishigaki et aI., 2001]. 
Lin and Shiono (1992) carried out a sensitivity test of pollutant behaviour varying the 
turbulent Schmidt number with a three-dimensional numerical model for compound 
channel flow, and showed that both secondary current and turbulent Schmidt number 
strongly affected the pollutant behaviour. In stratified flow, the effect of secondary 
flow on the mixing process is not well known. This research shed some light on this 
effect. 
Besides stratification, the geometry of the channel can also affect the mixing process, 
as in the case of compound channels. An example of this is navigation channels. Most 
navigation channels consist of a deeper channel and shallower area, which generate 
strong transverse mixing within the navigation channel. Another example of 
compound channel is mangrove swamps, which are thought to play a key role in the 
nutrient cycle and ecology of coastal waters and estuaries. It has been found that 
considerable quantity of organic and inorganic nutrients are exported to near-shore 
waters during highly stratified flow periods. 
Very recently an EC research programme has seriously reviewed this topic and 
funded a pilot study at Delft Hydraulics Laboratory to investigate the mixing process 
due to secondary flow under highly stratified flow conditions in a compound channel. 
This study has revealed how stratification significantly influences the velocity 
structure, boundary shear stresses, generation of secondary flows, and internal waves 
(Shiono et aI., 1995). However only limited data was collected because of time 
constraints and spatial limitations of the instrumentation. Therefore detailed flow 
structures, such as secondary flow, and vertical and lateral turbulent exchanges were 
not identified. 
2 
The present study simultaneously measured velocity and concentration using the laser 
Doppler anemometer (LDA) and laser induced fluorescence (LIP) techniques to 
estimate Reynolds stresses and fluxes, in order to clarify the transport and mixing 
mechanisms in stratified flows. This data can also be used as bench mark to calibrate 
three-dimensional numerical models for the improvement of their prediction 
capability. 
This thesis is divided into seven chapters. The literature review is presented in chapter 
2, which includes the mean and turbulent flow structure in open channels, and also the 
effect of stratification on flow characteristics. The theoretical background is presented 
in chapter 3, which includes all the equations that are used in the present study. 
Chapter 4 deals with the methodology adopted in this work. In the first section of this 
chapter, the experimental apparatus is described and the second section deals with the 
measurement techniques, i.e. laser Doppler anemometer for the velocity 
measurements and conductivity sensor and laser induced fluorescence for 
concentration measurements. The technique used to visualise the flow is also included 
in this section. The results obtained from the rectangular channel and from the 
compound channel are shown in chapter 5 and 6, respectively. In the final chapter 
(chapter 7), the conclusions of this study are summarised, together with some 
recommendation for further studies. 
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CHAPTER 2 
Literature review 
Many contributions have been made to the understanding of turbulent flows over the 
years. However, the subject is far from conclusive. This is because turbulent flows are 
by nature very complex and for each situation, completely different mechanisms can 
dominate the flow. 
In this chapter, the main aspects of turbulent flow in open channels, under 
homogeneous and stratified conditions, are reviewed. Special attention is given to 
narrow channel flows, where the wall has a strong effect on the flow behaviour. 
Compound channels are also considered, where the flow pattern is strongly affected 
by the interaction between the main channel and the flood plain. 
2.1 Velocity distribution and secondary currents in closed channels 
A complete description of turbulent flow characteristics in closed channels is beyond 
the scope of this work. However, in order to understand the inlet condition of the open 
channel, a brief description of the main flow characteristics in closed channels is 
given below. 
Figure 2.1 shows the sketch of a fully developed secondary flow in a rectangular duct, 
presented by Speziale (1987). A pair of vortices is formed in each corner of the duct 
and their orientation is from the corner towards the wall bisector. At this position, due 
to the plane of symmetry, the flow is deflected and changes direction, moving low 
momentum fluid from the wall region towards the centre of the channel. This 
occurrence has a direct effect on the longitudinal velocity distribution. 
To illustrate the effect of secondary currents on the longitudinal velocity distribution, 
a sketch of the longitudinal velocity distribution was also included in Figure 2.1. As 
would be expected, the maximum velocity occurs at the centre of the duct. However, 
due to the presence of secondary currents, high momentum fluid is carried from the 
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core region towards the corner of the duct, causing the velocity contours to bulge 
towards the corner. This behaviour, known as corner flow, has also been observed by 
many other researchers. 
y 
-'~ 
(~ __ J 
Longitudinal velocity 
distribution 
o.(x,y) 
x 
Figure 2.1 - Fully developed turbulent flow in a rectangular duct (after Speziale, 
1987). 
Nikuradse (1926), as reported by Launder and Ying (1972), was probably the first to 
observe the corner flow, by means of flow visualisation technique. However, the 
measurement of secondary currents was only possible a few years later through the 
use of hot-wire anemometers [Brundrett and Baines, 1964; Perkins, 1970; Gessner, 
1973]. With the advent of LDA, more precise measurements of secondary currents 
became possible and many other studies on secondary currents in duct flows are now 
available in the literature [Melling and Whitelaw, 1976; Taylor et aI., 1982; Wei and 
Willmarth, 1989]. Numerical prediction of the corner flow has also been carried out 
by Launder and Ying (1973), Nakayama et al. (1983) and by Demuren and Rodi 
(1984), among others. A comprehensive review on the subject is given by Bradshaw 
(1987). 
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2.2 Velocity distribution and secondary currents in narrow open channels 
In contrast to closed channels, secondary currents in open-channel flows remained 
comparatively unknown until recently [Nezu and Nakagawa, 1993]. However, 
secondary currents corresponding to the corner flow in closed channels have been 
inferred in open channel flows, from observations of the bulging of the iso-velocity 
lines towards the corner. 
The aspect ratio of a channel (ar ) is given by ratio between the width of the channel 
(B ) and the depth of the flow (H). Nezu et al. (1985) investigated the effects of the 
aspect ratio on secondary currents and found that the effects of the wall are stronger 
when ar was below a critical value (arc)' which is around 4 or 5. Based on this 
study, Nezu and Nakagawa (1993) classified open-channel flows into two categories: 
1. Narrow open channels, ar :5 arc. In this case, corner flows are generated by the 
anisotropy of turbulence due to the presence of the wall in the same manner as for 
closed channel flows. 
2. Wide open channels, ar > arc. For which, in the central zone, the side-wall effects 
disappears and 2-D flow prevails. Cellular secondary currents can also be generated 
by any spanwise variation of the bed shear stress. 
A comprehensive review of secondary currents in wide open channels is given by 
Nezu and Nakagawa (1993). Therefore, only narrow open channels are considered in 
this work. 
Nezu and Rodi (1985) were one of the first investigators to measure secondary 
currents in open channels using an LDA system. They found that in narrow open 
channel flows the maximum velocity appears not at the free surface but rather below 
it, a phenomenon called the 'velocity-dip' which is peculiar to narrow open channels. 
According to many investigators [Sarma et aI., 1983; Nezu et aI., 1985], the velocity 
dip is caused the presence of secondary currents. 
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A schematic representation of a fully developed flow in a narrow open channel is 
given in Figure 2.2. Two vortices of secondary currents are formed due to the 
presence of the corner (Figure 2.2b). The corner and bottom bisectors limit the lower 
vortex, while the upper vortex is much stronger, extending up to the water surface. 
When it reaches the surface it changes its orientation moving low momentum fluid 
from the wall towards the centre of the channel. Once it reaches the centre line, it is 
deflected again by the plane of symmetry causing the so-called velocity dip (Figure 
2.2a). 
a) Longitudinal velocity distribution; b) Secondary flow pattern near the 
corner (after Imamoto et aI., 1993). 
Figure 2.2 - Schematic representation of open channel flow. 
The mechanisms involved in the generation of secondary currents are explained in the 
next section. 
2.3 Vorticity balance 
As reported by Launder and Ying (1972), although Prandtl (1953) gave some 
explanation on the origins of secondary currents, it was not until the work of 
Brundrett and Baines (1964) that a complete description was provided. 
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Brundett and Baines (1964) evaluated each term in the vorticity equation (Equation 
3.11) and concluded that streamwise vorticity (secondary currents) is produced by the 
gradient of normal stress and is then convected to regions where the vorticity is 
destroyed by viscous effects. 
In contrast, Gessner and Jones (1965) published some results from another 
experimental investigation, where the momentum equation is derived for the velocity 
component along a secondary flow streamline. They found that the advective and the 
viscous terms are both two orders of magnitude smaller than the turbulent stress 
terms, which have the same order of magnitude, and their sum is balanced by the 
pressure gradient term. The pressure term could not be measured but was obtained by 
the difference of the other terms in the momentum equation. This term is not a source 
of vorticity once it vanishes when the vorticity equation is derived from the 
momentum equations. 
Perkins (1970), questioned the results of Brundett and Baines (1964) with the 
argument that their hot-wire measurements involve large errors and the values of the 
Reynolds stress are not reliable. He confirmed Gessner and Jones (1965) findings that 
the normal and shear stress terms have the same order of magnitude and opposite sign. 
But he also stated that the secondary currents are generated by the term containing the 
gradient of the normal stress, and the shear stress term acts like a transport term. The 
viscous dissipation term is only important for regions near the wall. 
Gerard (1978) questioned the results obtained by Gessner and Jones (1965) arguing 
that if they were right, only the turbulent terms would remain and the equation that 
governs the streamwise vorticity, or secondary flow, is s~emingly independent of it, 
which is an unlikely situation. He concluded that the results obtained by Perkins 
(1970) seem more realistic where the two Reynolds stress terms are in balance for the 
majority of the cross-section, with the convective term becoming significant near the 
corner and the viscous term close to the wall. 
Demuren and Rodi (1984) found that the turbulent stress terms are one order of 
magnitude greater than the other terms and their difference has the same order of 
magnitude of the advective term. According to them, it is the difference between these 
8 
two relatively large terms that drives the secondary motion. The viscous term is only 
important near the corners, and Reynolds stress terms must be given due attention if 
secondary currents are to be modelled accurately. 
Nezu and Nakagawa (1984) verified experimentally and Demuren and Rodi (1984) 
verified numerically that the generation term (containing the normal stresses) and the 
shear stress term are the dominant terms in the vorticity equation. They have opposite 
signs and are much larger than the advective term. A comprehensive report on the 
subject is given by Nezu et al. (1993). They report that the normal stress term 
promotes the generation of secondary currents, and that the shear stress term 
suppresses it. 
More recently, Shi et al. (1999) performed a Large-eddy simulation of the flow in a 
rectangular open channel and found that the Reynolds stress term is very small and 
that the normal stress term is the dominant one, being the driving force for the 
secondary currents. 
Although the mechanisms governing the secondary currents are very complex, there is 
a consensus that the gradient of the difference between normal turbulent stresses in 
the lateral and vertical direction is responsible for the generation of secondary 
currents (anisotropy of turbulence). However, all the studies mentioned above were 
conducted for homogeneous flows, and none of them evaluates the buoyancy 
contribution to the vorticity balance. 
As will be explained later (section 3.3), if a lateral density gradient exists, it can also 
contribute to the production or dissipation of secondary currents. This process is a 
dynamic one since the secondary currents will affect the density distribution, and once 
affected it can create and/or destroy the secondary currents. 
2.4 Turbulent characteristics 
The majority of flows that occur in nature are turbulent. Although turbulence is by 
definition a random process, some turbulent characteristics can be quantified. These 
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quantities (characteristics) provide valuable information concerning the flow 
behaviour. In this section, a review of the turbulent characteristics, such as turbulent 
intensities and Reynolds shear stress, is given. 
2.4.1 Turbulent intensities 
Turbulent intensities, defined as the r.m.s. value of velocity fluctuations, have 
received considerable attention in closed and open channel flows. However, due to 
restrictions on experimental facilities or equipment used to measure turbulence, in 
many cases, only one or two components of turbulent intensity are reported. 
The majority of the data available in which the three components of turbulent 
intensity were measured refer to atmospheric boundary layers or experiments carried 
out in wind tunnels (i.e. air flows). For open channel flows, it was not before 
Nakagawa et al. (1975) that the three components of turbulent intensity were 
successfully measured. 
Nezu and Nakagawa (1993) investigated the behaviour of turbulent intensities for 
different values of Reynolds and Froude numbers in smooth open channel flows and 
found that the turbulent intensities show an exponential decay with the vertical 
distance from the bed of the channel. It was also found that this behaviour does not 
depend on Reynolds or Froude numbers. In their study, the following semi-empirical 
expressions were proposed for the turbulent intensities, which gave the best fit to the 
experimental data in the intermediate region (0.1 < zlH < 0.6): 
u' / u* = 2.30 exp( -z / H) 
v' / u* = 1.63exp(-z/ H) 
w' / u* = 1.27 exp(-z/ H) 
(2.1) 
(2.2) 
(2.3) 
where z is the distance above the bed of the channel, H is the depth of the flow, u* is 
the shear velocity and u', v' and w' are the turbulent intensities in the longitudinal, 
lateral and vertical directions, respectively. 
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Once these expressions are not a function of Reynolds or Froude numbers and also 
apply to pipe flows and closed channel flows, they are said to be universal and, 
following the nomenclature given by the authors, they are called the Universal 
expressions for turbulent intensities. 
From Equations (2.1) to (2.3), one can also obtain 
v'lu'=O.71 and w'lu'=O.55 (2.4) 
These results are in accordance with many other works in the literature, which shows 
that u' > v' > w' [Laufer, 1954; Clark, 1968; Launder et aI., 1975; Speziale, 1987]. 
2.4.2 Turbulent kinetic energy - TKE 
A general view of turbulent characteristics in turbulent flows is given by the turbulent 
kinetic energy k, defined as k = (u,2 + v,2 +w,2 ) 12. This parameter was found to play 
an important role in turbulent flows and, according to Nezu and Nakagawa (1993), it 
follows a similar trend as the turbulent intensities and can also be predicted by a 
universal expression, i.e.: 
klu*2= 4.78exp(-2zIH) (2.5) 
A more complete description of k is given in section 2.5 where the TKE budget is 
discussed. 
2.4.3 Effect of stratification on turbulent intensities and TKE 
Stewart (1959), following the work of Corrsin (1956) explained the effects of 
stratification on turbulent intensities. Through the examination of each term in the 
Reynolds stress tensor, he explains that the production of turbulence occurs only in u' 
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and is redistributed by the pressure fluctuations to v' and w'. The reduction in the 
turbulent intensities by buoyancy is suffered only by w', whereas the reduction in the 
turbulent intensities by viscosity affects all three components (u', v' and w'). 
However, according to Stewart (1959), it is not possible to suppress w' without 
suppressing the turbulence entirely because the production mechanism is destroyed. 
Recently, Haque and Berlamont (1998) investigated the turbulent field of a stratified 
tidal medium with an algebraic stresslflux model and confirmed the findings of 
Stewart (1959) that the three normal stress components are suppressed by buoyancy. 
The above considerations have a direct effect on the turbulent kinetic energy k, which 
decreases whenever the stratification level increases. 
As reported by Shiono (1981), the suppression of w' by stratification is reported by 
many researchers in the literature [e.g., Webster, 1964; Mizushina et aI., 1979; 
Gartrell et aI., 1980]. Nevertheless, there is a lack of works discussing the effects of 
stratification on the three-dimensional flow structures driven by turbulence, like for 
instance secondary flows. The reason for this, lie on the fact that such structures are 
difficulty to measure under stratified conditions. 
2.4.4 Turbulent density intensity 
For stratified flows, turbulent fluctuations of velocity interact with the density 
gradients, causing an exchange of mass to the surrounding fluid. Due to this exchange 
of mass, the density will fluctuate and the magnitude of these fluctuations, expressed 
as the r.m.s. value of the density fluctuations, is named turbulent density 
intensity (p' ). 
Webster (1964) measured the value of p' in stratified shear flow in a specially 
designed wind tunnel with the density gradient created by differential heating of the 
air, but the behaviour of this parameter alone was not discussed in his work. 
Nevertheless, this parameter was reported as a length scale, which was shown to be 
dependent on stability (stratification). 
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Arya (1975) studied the buoyancy effects in a horizontal flat-plate boundary layer for 
stable and unstable conditions and found that, in contrast to velocity fluctuations, the 
turbulent density intensity is hardly affected by stratification. But the turbulent density 
fluctuations occur as a consequence of velocity fluctuations and it was not very clear 
for the author why p' should simply be scaled by temperature differential and remain 
more or less independent of the ambient velocity. 
West and Shiono (1988) measured the salinity fluctuations during ebb tides in the 
Teign estuary and found the salinity fluctuations (s) to increase with the increase of 
the salinity gradient, as /a z . 
Darbyshire and West (1992) investigated the turbulence and shear induced mixing 
process in the upper reach of the Tamar estuary and found that there is a value of 
as/a z above which the salinity fluctuation no longer increases. This behaviour was 
related to the damping effect of stratification on the velocity fluctuation. 
There have been a few works in the literature reporting the measurements of density 
fluctuations, and at present there appears to be a consensus that the turbulent density 
intensity depends upon the velocity fluctuation and density gradient. 
2.4.5 Reynolds shear stress 
To obtain all the components of the Reynolds shear stress, simultaneous 
measurements of the turbulent velocities in the three flow directions are required. 
Nevertheless, the magnitude of velocity fluctuations is quite small, when compared to 
the longitudinal velocity, making its measurement more difficult. 
The Reynolds shear stress represents the transport of momentum due to the turbulent 
motion and therefore, it is one of the most important parameters when analysing a 
turbulent flow. 
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The first measurements of the Reynolds shear stress in open channel flows were 
performed at the end of 1960's with the development of hot-film anemometers 
[Mcquivey and Richardson, 1969; Nakagawa et aI., 1975; Chu and Baddour, 1984]. 
Electromagnetic current meters have also been used to measure turbulent 
characteristics in rivers and estuaries [Shiono, 1981; West et aI., 1986]. However, this 
kind of device is not suitable for laboratory measurements due to the large size of the 
probes. More recently, laser-Doppler anemometers (LDA) have been developed and 
more accurate measurements of the Reynolds shear stress in open channels have been 
reported [Nezu and Rodi, 1986; Parthasarathy and Muste, 1994; Shiono and Muto, 
1998]. 
West et aI. (1991) measured the vertical and longitudinal components of velocity in a 
moderately high tidal estuary and found the largest vertical exchange of momentum 
( - puw) to occur near the bed. This behaviour was also found by Shiono and Feng 
(2001) in a rectangular open channel. In their study they found that the vertical 
transfer of longitudinal momentum (- puw) is larger near the bed, indicating 
domination of bed generated turbulence. Similarly, the lateral transfer of longitudinal 
momentum (- puv) was found to be larger near the side wall, indicating domination 
of wall generated turbulence. Larger values of the third shear stress component 
(- pvw), relative to other - pvw values, were found at the centre of the secondary 
flow cells near the water surface, indicating turbulence induced by secondary flow. 
However, when comparing the magnitude of the Reynolds shear stress components, 
the maximum value of - pvw was found to be one order of magnitude smaller than 
the other components (- puw and - puv) and they concluded that the effect of 
secondary flow on the shear stress is not significant. 
More recently, Shiono et aI. (1998) have measured the three components of the 
Reynolds shear stress in a rectangular open channel using an LDA system. They 
found that a region of negative shear stress exists near the water surface and they 
attributed this occurrence to the presence of secondary flow. Sugiyama et al. (1995) 
used a Reynolds stress model to simulate a turbulent flow in an open channel and also 
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found similar results. In their case, the occurrence of a zone with negative shear stress 
near the water surface was attributed to the fact that the derivative of the mean flow 
velocity in the vertical direction is also negative in this region. The negative velocity 
gradients near the water surface are due to the velocity dip, caused by the presence of 
secondary currents. Therefore, the results obtained by the numerical simulation of 
Sugiyama et al. (1995) are confirmed by the LDA measurements of Shiono et al. 
(1998), which states that a negative shear zone near the water surface is induced by 
the presence of secondary flow. 
2.4.5.1 Eddy viscosity concept 
With the advances in computational technologies, numerical models have been 
extensively applied to predict turbulent flows. In order to solve the equations of 
motion, the Reynolds stress need to be known, and for that, the Boussnesq's approach 
is usually used. Boussnesq (1877) assumed that the Reynolds stress acts in a similar 
way to the viscous shear stress and therefore he introduced the eddy viscosity concept, 
which relates the Reynolds stress ( 'ri,j) to the gradients of mean velocity: 
dU. 
'r .. =-pu.u. =pc __ , 
I,j 1 J m a 
'X j 
(2.6) 
where Cm is the turbulent or eddy viscosity which, unlike the molecular viscosity, is 
not a property of the fluid but one of the flow and is dependent on the state of 
turbulence. 
As reported by West et al. (1985), for steady uniform flow having a homogeneous 
density, if it is assumed that the velocity profile is logarithmic and that the shear stress 
distribution is linear, the turbulent eddy viscosity can be expressed as: 
CmO=1(u*Z(I-zIH) (2.7) 
where 1(is the von Karman constant (1(= 0.41). 
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2.4.5.2 Mixing length concept 
In order to relate the Reynolds stresses to the mean flow quantities so that the 
equations of motion could be solved, Prandtl (1925) took a different approach and 
assumed the turbulent fluctuations to be proportional to the local velocity gradient. 
For doing so, Prandtl introduced the mixing length concept, which represents the 
exchange distance of turbulent eddies. The mixing length concept is represented by: 
_ --_ 2 aU j aUj 
'C . . _-pu.u.-pl --
I,j I J m a a 
Xj Xj 
(2.8) 
With the same restrictions imposed on eddy viscosity, for homogeneous condition, the 
turbulent mixing length for momentum can be expressed as: 
(2.9) 
These two hypotheses, the eddy viscosity and the mixing length concepts, have been 
used in the studies of turbulent flows for many years. 
2.4.6 Reynolds flux 
Similarly to the Reynolds stress, which measure the flux of momentum due to the 
turbulent motion of the fluid, the Reynolds flux measures the flux of mass due to the 
turbulent fluctuations. To measure the Reynolds flux, instantaneous measurement of 
density and velocity is necessary. For this reason there are not many accurate 
measurements of the Reynolds flux reported in the literature. 
Webster (1964) showed that the vertical component of the Reynolds flux (wc) 
decreases with the increase in the stratification level. But the longitudinal transport 
( u c ) had a tendency to increase with the increase in the stratification level. However, 
no information was given to the lateral component of Reynolds flux (vc). 
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Arya (1975) reported that the longitudinal flux ( uc) decreases much faster than wc, 
with the distance from the wall, and its normalised value appears to be less affected 
by the stratification level. He also found that the longitudinal component of the 
Reynolds flux ( u c) is much bigger that the vertical component ( wc) near the wall 
and their ratio increases with the increase in the stratification level. 
West et al. (1991) investigated the effect of vertical density gradients on estuarine 
turbulent transport processes and found that the longitudinal turbulent flux ( u c) is 
larger than the vertical turbulent flux (wc). This result holds for both particulate 
matter and solute fluxes. 
More recently, Feng and Shiono (1995) reported some measurements of Reynolds 
flux in a rectangular open channel using Laser Doppler Anemometry (LDA) and 
Laser Induced Fluorescence (LIP) technique together, which allows very accurate 
measurements of the Reynolds flux without disturbing the flow. However, the studies 
reported so far are not conclusive and still a lot of research is necessary to clarify the 
behaviour of this parameter under different flow conditions. 
2.4.6.1 Eddy diffusivity concept 
In a direct analogy to the turbulent momentum transport, the turbulent mass 
transport Fj is often assumed to be related to the gradient of the transported quantity 
(Rodi, 1993). 
(2.10) 
The eddy diffusivity e s needs to be specified in terms of known quantities in order to 
provide the closure to the solute transport equation. 
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2.4.6.2 Mixing length (or solute concept 
Following Prandtl's approach for the momentum mixing length, the mixing length for 
solute is also used to relate the Reynolds flux to the mean flow quantities so that the 
equation of solute transport can be solved. The mixing length for solute is represented 
by: 
(2.11) 
where Is represents the mixing length for solute transport. 
2.4.7 Effects of stratification on Reynolds stress and flux - The exchange coefficients 
Functions known as "damping functions" have been proposed by many investigators 
to account for the decrease of eddy viscosity and diffusivity with increasing 
stratification (e.g., Bloss 1985). The same approach has also been used to the mixing 
length concept for momentum and solute transport. 
Theoretical considerations show that the dimensionless parameter representing the 
ratio of gravity to inertial forces is important for eddy viscosity and eddy diffusivity, 
or momentum and solute mixing lengths (Shiono, 1981). This parameter is the 
gradient Richardson number, Ri, which is expressed as 
Ri=-.!. ap/az 
p (au /az)2 (2.12) 
where g = gravitational acceleration; a p /a z = density gradient; and 
au la z = velocity gradient. 
As reported by Odd and Rodger (1978), apart from the totally empirical approaches, 
there are two main rival hypothesis, i.e. Rossby and Montgomery (1935) and Kent 
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and Pritchard (1959), which arise from different assumptions concerning conservation 
of turbulent kinetic and potential energy. 
Rossby and Montgomery (1935) proposed a functional form for the damping function 
based on the argument that the sum of the kinetic and potential energies per unit mass 
should be the same in stratified and homogeneous flows with identical shearing rates. 
This function reads: 
(2.13) 
where P RM is the Rossby and Montgomery constant. 
Alternatively, Kent and Pritchard (1959) assumed that the sum of the kinetic and 
potential energies per unit of displacement were equal for the two conditions. This 
approach gives: 
1 m/I mO = (1 + P KP Ri) -1 (2.14) 
where P KP is the Kent and Pritchard constant. 
The values: PKP= 13 and PRM = 160, were proposed by the Hydraulic Research 
Station group in Wallingford (1974), which give the best fit to the field measurements 
on the Great Ouse estuary [Odd and Rodger, 1978]. They also found that the values 
predicted by Rossby and Montgomery's equation have smaller errors than the 
predicted using Kent and Pritchard's equation. 
The damping function for eddy viscosity and eddy diffusivity were generalised by 
Munk and Anderson (1948) in the following form: 
(2.15) 
and 
(2.16) 
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where the eddy coefficients for homogeneous flow condition (C mO and c so) are 
assumed to be equal, and am' Pm' as and Ps are positive constants. For the 
momentum damping function, they adopted a m = 0.5 from Rossby and Montgomery 
(1935) and Pm = 10 from the measurements of Sverdrup (1936). For the solute 
damping function the value of as = 1.5 from Jacobsen (1913) and Ps = 3.33 from 
Taylor (1931) were adopted (see Shiono, 1981). 
2.4.8 Turbulent Sehmidt number 
The ratio between the two above equations gives the reciprocal of turbulent Schmidt 
number (Se), which is a very important parameter in stratified flows. 
S -1 Cs e =--= 
Cm 
(1 + Ps Ri t as 
(1+ PmRitam (2.17) 
Many researchers have analysed the effect of stratification on the turbulent Schmidt 
number and found that this parameter usually decays with the increase in the 
stratification level [Webster, 1964; Blumberg, 1977; Abraham, 1988]. 
Another parameter that is used to represent the stratification level is the flux 
Richardson number. The flux Richardson number is defined as: 
Rf= g we 
p uwiJUjiJz (2.18) 
The flux Richardson number represents the ratio between the production of TKE due 
to buoyancy and the production of TKE due to the shear stress. 
Ellison (1957) presented a theory that predicted the dependence of Se on the flux 
Richardson number (Rf), which is directly related to the gradient Richardson 
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number (Ri), Rf = Ri! Se. According to Ellison, the ratio between the eddy 
viscosity and eddy diffusivity can be expressed as: 
S -\ Cs e ---- -
Cm 
b'(I-Rf /Rfc) 
(I-Rf)2 
(2.19) 
where b' is the value of e le for neutral conditions and Rfc is the critical flux 
s m 
Richardson number, which represents the value of Rffor which e s vanishes. 
Using Ri as stability parameter, Bloss (1985) arrived at the following expression for 
the turbulent Schmidt number: 
(2.20) 
The constant h' was assign a value of 1.25. 
Many researchers have applied these formulations to account for stratification effects 
on the mixing coefficients [Mizushina et aI., 1978; Ueda et aI., 1981; Abraham, 1988], 
and several modifications of the above formulation have been proposed to adapt the 
equations to different flow conditions. Among them, West and Shiono (1985) applied 
the mixing length concept to the shallow, partially mixed Gt. Ouse estuary and found 
that the following constants give the best fit to the data: am = -0.5, Pm = 87, as = -1.5 
and/3s = 7.48. 
The majority of the data used to obtain the above formulation shows a lot of scatter 
and, at present, none of them can predict accurately the effect of stratification on the 
mixing coefficients, regardless of the flow conditions. 
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2.5 Turbulent kinetic energy budget 
To describe a turbulent flow field, time average turbulent quantities are usually used. 
However, a better understanding of the mechanisms involved in a turbulent process 
can be achieved from the analysis of the turbulent kinetic energy equation. The TKE 
equation is presented in section 3.3. 
Laufer (1954) analysed each term of the TKE equation and, based on order of 
magnitude considerations, stated that energy production by the turbulent shear forces 
at a point is partly diffused and partly dissipated by viscous effects. The flow was 
assumed to be fully developed, and the advective term of the TKE equation was 
negligible compared to the other terms. 
McQuivey and Richardson (1969) followed an approach similar to Laufer's approach 
and concluded that for a two-dimensional channel, Laufer's hypothesis is valid 
throughout the cross section of the channel, except for a small region near the bed of 
the channel, which was not surveyed. In their analysis, the production term was 
obtained directly from measurements of p uw and from the mean velocity profile. To 
obtain the dissipation rate, the microscale of turbulence was used by adopting 
Taylor's hypothesis of isotropic turbulence. And the diffusion term was not measured 
but estimated by the difference between the production and the dissipation terms. 
Nalluri and Novak (1977) also adopted the same considerations of Laufer (1954) in 
which the advective term in the TKE equation was neglected and the production term 
was assumed to be equal to the sum of the diffusion and the dissipation terms, except 
for a small region near the bed. Their results for open channel flow, in channels of 
circular cross-section, were similar to the results obtained by McQuivey and 
Richardson (1969) in which the dissipation is smaller than the production for the 
majority of the flow domain and the diffusion term is significant for all the cases 
studied. However, their study was only qualitative because of the use of the 
approximations adopted in the calculations of dissipation rate (Taylor's hypothesis). 
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Parthasarathy and Muste (1994) studied the flow in a channel where the friction forces 
on the top surface ranged from a free surface to a rough plate and found that the 
position of maximum velocity (hv) do not always coincide with the position of zero 
shear stress ( hs). The production of TKE was found to be very small between hvand 
hs' and in this region the dissipation of TKE is balanced by its diffusion. They also 
found that as the top surface becomes rougher the turbulent production close to it 
becomes larger, altering the TKE balance. 
In contrast to the vorticity budget, many works have considered the stratification 
effects on the energy budget. Due to the difficulty for measuring the Reynolds flux in 
open channel flows, many of the considerations adopted for open channel flows came 
from atmospheric measurements. Bradley et al. (1981) carried out a TKE balance in 
the atmospheric surface layer and found that the total TKE production, which states 
for the difference between the shear production and the buoyancy production, is in 
balance with the TKE dissipation. It was also found in their study that the TKE 
production decreases with the increase in the stratification level. 
Bradley et al. (1981) results do not agree with the results of Wyngaard and Cote 
(1971), whose dissipation rate exceeded total production by about 50% for the 
stratification levels that were considered. The balance between production and 
dissipation only occurs with the increase in the stratification level and in the stable 
regime. Their results do not also agree with that of Champagne et al. (1977) who 
found that the measured dissipation exceeded the total production by 40%. However, 
the· results of Bradley et al. (1981) agree with the results of Garratt (1972) and 
McBean and Elliott (1975) which states that total production and dissipation of TKE 
are in balance for the stratification levels considered. 
Komori et al. (1983) have analysed the TKE balance in a stably stratified open 
channel flow for different levels of stratification. The TKE dissipation rate was 
estimated from the normalised power spectral density of the streamwise velocity by 
using the Kolmogoroff hypothesis for the inertial subrange, as it will be explained in 
section 3.4. It was found in their study that under stable conditions, the shear 
production term is reduced significantly in the outer region. It was also found that, in 
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weak stratification, buoyancy works to reduce the TKE, and in strong stratification, 
turbulent kinetic energy is generated by upward heat transfer against the mean 
temperature gradient. This buoyancy production is larger than the shear production 
and the countergradient heat transfer occurs in more weakly stable condition than the 
countergradient momentum transfer. 
Estuary data on TKE budget is provided by West et al. (1986). From some 
measurements carried out during an ebb tide in Great Ouse estuary, the TKE 
production was obtained by the direct measurement of the Reynolds stress and 
gradient of the longitudinal velocity. The dissipation rate was estimated using the 
Kolmogoroff hypothesis for the inertial subrange. It was found that, besides the 
scatter, TKE production was in equilibrium with TKE dissipation rate. 
The TKE budget depends on the type of flow under consideration and also on the 
region within the flow. In general there is an agreement between the data presented in 
the literature that for open channel flows, near the solid boundaries where the TKE is 
generated, the production of TKE is very large and is usually in equilibrium with TKE 
dissipation rate. Away from the solid boundaries the production term is quite small 
and other terms can become important. 
2.6 Compound channels 
Whether by nature or design, many rivers and estuaries can be classified as compound 
channel. A compound channel is composed of a deep main channel and a shallower 
flood plain area. Many man-made channels also have this configuration, like for 
instance, navigation channels, which are usually deeper in the central region to permit 
the movement of boats and ships. 
For many years several researchers have been trying to understand the mechanisms 
involved in transport and mixing processes in compound channels. During the last 
decades extensive studies have been carried out on this topic and consequently a 
considerable amount of data is now available. 
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As reported by Thomas and Williams (1995), in the mid 1980's a large experimental 
facility was installed at Hydraulics Research Limited laboratories in Wallingford 
(England), in conjunction with the United Kingdom's Science and Engineering 
Research Council. A series of measurements of three components of velocity and 
turbulence profiles were taken in this facility for flows in rectangular and trapezoidal 
channels with flood plains (see, for example, Shiono and Knight, 1989). 
A lot of attention has also been paid to numerical modelling of compound channels. 
In 1995, at the 26th International Association for Hydraulic Research Congress in 
London, a seminar was held to evaluate the performance of turbulence models when 
applied to compound channels. However, not many works were submitted and, as a 
result, no definite conclusions were drawn. 
Although a large amount of research has been carried out on this topic, the subject is 
far from conclusive, and therefore, further research is necessary to understand the 
transport and mixing process in compound channels. 
2.6.1 Overall flow mechanisms 
Turbulent flow in a compound open channel is characterised by a shear layer 
generated due to the velocity difference between a usually faster flow in the main 
channel and a slower flow on the flood plain. In the shear layer, there exist not only 
vortices in the vertical direction, but also vortices in the longitudinal direction 
(secondary currents) that contribute considerably to the transport and mixing 
processes. 
The overall flow mechanisms that contribute to the transport and mixing processes in 
a compound open channel flow were illustrated by Shiono and Knight (1991) and are 
shown in Figure 2.3. 
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Figure 2.3 - Transport and mixing mechanisms in a compound channel (after Shiono 
and Knight, 1991). 
2.6.2 Longitudinal velocity distribution 
The modification of the longitudinal velocity distribution due to horizontal vortices 
created by the turbulent interaction between the main channel and the flood plain was 
first recognised by Sellin (1964). This behaviour was also recognised by many other 
researchers [e.g., Rajaratnam and Ahmadi, 1979; Kawahara and Tamai, 1989] and is 
described by Tominaga et al. (1989) as follows: 
The isovellines of the longitudinal velocity bulge upward in the vicinity of junction of 
the main channel with the flood plain (MCFP-junction). The velocity in this region is 
decelerated due to low-momentum transport by the secondary currents away from the 
wall. On both sides of this decelerated region, the isovel lines bulge toward the wall 
due to high-momentum transport by the secondary currents. 
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To illustrate the longitudinal velocity distribution in a compound open channel, the 
results obtained by Tominaga and Nezu (1991) are shown in Figure 2.4, together with 
the secondary current profile. 
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Figure 2.4 - Longitudinal velocity distribution and secondary currents in a compound 
open channel (after Tominaga and Nezu, 1991). 
2.6.3 Secondary currents 
As shown in Figure 2.4, a strong upflow, which is associated with a pair of 
longitudinal vortices, is generated in the MCFP-junction area. The existence of this 
strong secondary flow around the MCFP-junction in compound channels is 
demonstrated by Knight and Shiono (1990) and is also recognised by many other 
researchers [Cokljat, 1991; Shiono and Lin, 1992; Thomas and Williams, 1995]. 
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From the works available in the literature, it was found that the magnitude of the 
secondary current formed at the MCFP-junction in compound channels is normally 
around 5% of the magnitude of the cross-sectional average longitudinal velocity. This 
value is quite high when compared with the secondary current formed in the corner of 
rectangular channels which is usually around 2% of the cross-sectional average 
longitudinal velocity. As already reported by many researchers [Shiono, 1993; 
Sofialidis and Prinos, 1998; Ishigaki et aI., 2001], the strong secondary currents 
formed in the MCFP-junction area have a direct influence on the flow behaviour, and 
is the responsible for the bulging in the longitudinal velocity distribution. 
2.6.4 Turbulent intensities and TKE 
The behaviour of turbulent intensities and TKE near the water surface and near the 
solid boundaries of the flow was already discussed for the rectangular channel case. 
For a compound channel, the analysis is usually focused on the region near the 
MCFP-junction. 
Thomas and Williams (1995) used a Large Eddy Simulation model to predict the 
turbulent flow in an asymmetric compound open channel and found that all three 
components of turbulent intensity show a strong peak at the MCFP-junction area, and 
consequently the TKE also increases in this region. These results are in accordance 
with the measurements of Tominaga and Nezu (1991). According to Murota et al. 
(1990), the increase of the turbulent energy in this region is caused by the interaction 
between the main channel and flood plain flows near the edge of the flood plain. 
Tominaga and Nezu (1990) also found that all three components of the turbulent 
intensity increase in the vicinity of the MCFP-junction. However, the behaviour of 
each component was quite different from one another, mainly near the junction and 
near the water surface. They concluded that the difference in the turbulent intensities 
(anisotropy of turbulence) near the MCFP-junction is what generates the secondary 
currents. 
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2.6.5 Reynolds shear stress 
The Reynolds shear stress is a very important parameter in any turbulent flow. 
Nevertheless, this parameter is even more important in compound channel flows, 
because the Reynolds shear stress represents the exchange of momentum that occurs 
between the main channel and the flood plain. 
Many researchers have investigated the behaviour of the Reynolds shear stress 
components in compound channel flows [Kawahara and Tamai, 1989; Tominaga and 
Nezu, 1990; Shiono and Lin, 1992]. All these researchers agree that the Reynolds 
shear stress increase considerably at the junction between the main channel and the 
flood plain, which indicates a large exchange of momentum. 
Tominaga et al. (1989) measured the Reynolds shear stress in an asymmetric 
compound channel and found that the value of the vertical component of the Reynolds 
shear stress (- p u w) increase just above the MCFP-junction and then decreases 
rapidly toward the main channel to become negative. The negative region of - pu w 
was found to correspond well to the region where aU /az is also negative. Near the 
MCFP-junction, the lateral component of the Reynolds shear stress (- p u v ) becomes 
negative on the main channel side, whereas it becomes positive on the flood plain 
side. This indicates that there exists momentum transport from the main channel 
toward the flood plain. The sign of -puv also corresponds to that of au/ay. These 
findings are in accordance with the numerical study of momentum exchange 
presented by Sofialidis and Prinos (1999). 
2.6.6 Reynolds flux 
In 1995, a study on the turbulent structure in the shear layer region of a compound 
channel under stratified flow conditions was carried out at Delft Hydraulics, in The 
Netherlands, by Shiono et al. (1995). This was a pioneer study in the evaluation of 
turbulent flow characteristics in a compound channel under stratified flow conditions. 
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In this study, the vertical component of the Reynolds flux (wc) was measured and it 
shows that the maximum value of wc occurs near the MCFP-junction. However, due 
to the limited time to use the facilities, a detailed investigation could not be carried 
out. The present study is the continuation of the work started by Shiono et al. (1995). 
2.6.7 Turbulent kinetic energy budget 
The literature concerning the TKE budget in compound channels is scarce, if not non-
existent. Tominaga et al. (1988) have evaluated the shear production of TKE in a 
compound channel and found that the lateral component of the Reynolds shear stress 
(- p u v ) contributes to the production of TKE near the side wall of the main channel. 
The region where the value of - puv is large extends to the upper region of the main 
channel and - puv in this region contributes to the production of turbulence near the 
MCFP-junction. In the upper region of the main channel, the vertical component of 
the Reynolds shear stress (- p u w) is around zero, and so, the production of TKE by 
- puw changes rapidly from its maximum values near the MCFP-junction to zero. 
Some preliminary results of the present study were already published last year by 
Ishigaki et al. (2001) and are in accordance with the results obtained by Tominaga et 
al. (1988). However, only the TKE production is considered and nothing is said about 
the TKE budget. 
2.6.8 Effect of relative depth on flow behaviour 
The effect of relative depth on flow behaviour has been investigated by many 
researchers [Tominaga et al., 1989; Murota et al., 1990; Cokljat and Younis, 1995]. 
Lai and Knight (1988) analysed the distributions of longitudinal velocity in compound 
ducts, and found that flows in compound channels are strongly related to the relative 
depth. The relative width was found to be a less significant parameter. 
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The effect of relative depth on the longitudinal velocity distribution was also 
investigated by Nezu et al. (1999). They found that the isovellines of the longitudinal 
velocity are changed by the upflow in the MCFP-junction area. This effect increases 
with an increase of the flow depth on the flood plain. 
Kawahara and Tamai (1989), investigated the mechanism of lateral momentum 
transfer in compound channel flows and found that the direction of secondary current 
near the interface changes with the increase of water depth, distorting the contours of 
the longitudinal velocity and also affecting the magnitude of the Reynolds shear 
stress. 
Cokljat (1991) shows that with the decrease in the relative depth, all the 
characteristics of the flow remain but the interaction between main channel and flood 
plain is not so strong any more, and the bulging of the mean velocity distribution 
becomes weaker. These findings are also confirmed by the numerical simulations of 
Sofialidis and Prinos (1999). 
2.6.9 Stratification effects on flow behaviour 
A vast amount of research has been carried out to understand the turbulent flow 
characteristics in compound channels. However, almost all of them have only 
considered homogeneous flow conditions. Stratified flow in compound channels is 
also very common due to salinity, suspended solids, and temperature, and needs to be 
considered. At the present, studies that shed some light on the stratification effects on 
flow behaviour in compound channels seem to be a good contribution to the scientific 
and engineering community. 
Shiono et al. (1995) was one of the pioneers in investigating stratified flow in a 
compound channel. They showed that the typical bulging of the longitudinal velocity 
distribution that appears in the MCFP-junction of a compound channel does not 
appear distinctly under highly stratified flow condition. They concluded that the 
mixing process in this area must be therefore totally different from that for the 
homogeneous flow case. Although their work was a significant contribution to the 
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understanding of the flow behaviour under stratified condition in compound channels, 
the subject is far from conclusive and more research becomes necessary. 
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CHAPTER 3 
Theoretical background 
The theoretical background necessary to the understanding of this work is presented 
in this chapter. Starting with the equations that govern the flow (continuity, 
momentum and solute transport equations), the closure problem is explained, which is 
the main problem encountered by numerical models to predict turbulent flows. After 
that, the vorticity equation is presented so that the mechanisms involved in the 
production of secondary currents can be explained. To close the chapter, the turbulent 
kinetic energy equation is also considered in order to evaluate the contribution of each 
term to the TKE budget. 
3.1 Flow equations 
For incompressible flow, the governing equations can be written in tensor notation as: 
Continuity equation: 
(3.1) 
Momentum equation: 
(3.2) 
Solute transport equation: 
(3.3) 
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-where Vi is the instantaneous velocity component in the Xi direction, P is the 
-instantaneous hydrostatic pressure and C is the instantaneous solute concentration. Se 
is a source term, which can represent, for instance, a release of solute into the system 
or its decay due to a chemical reaction. v and r are the molecular viscosity and 
diffusivity, respectively. 
Boussinesq's approximation has been applied to the equations above. Consequently, 
buoyancy effects are only taken into account by the last term in the right hand side of 
momentum equation, which involves the reference density (Pr) and the gravitational 
acceleration (g i) in the (Xi) direction. 
These equations describe the flow precisely and together with an equation of state 
relating the solute concentration (C ) to the local density (p ), they form a closed set 
of equations that can take all details of the turbulent motion into account. 
Although the equations describing turbulent motion are known and numerical 
procedures to allow their solution are available, the current storage capacity and speed 
of computers are still limiting factors to obtain any solution of these equations for 
situations of practical relevance. Besides that, in many situations, only the mean 
characteristics of the flow are wanted and they need to be known at a low cost in a 
short period of time. To solve this problem, a statistical approach is usually used. In 
the statistical approach, known as Reynolds decomposition, the instantaneous values 
in the flow equations are separated into mean and fluctuating quantities. Applying the 
-Reynolds decomposition to a generic quantity 'I' would give: 
(3.4) 
where the mean quantity 'P is defined as 
(3.5) 
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The time over which the mean is averaged (t 2 - t I ) has to be long enough when 
compared with the time scale of the turbulent motion. 
If the Reynolds decomposition is applied to the instantaneous values in the flow 
equations, the following equations are obtained: 
Continuity equation: 
(3.6) 
Momentum equation: 
Solute transport equation: 
oC oC d ( oC -J 
-+V.-=- r--u.c +Sc 
ot I dX j oX j ox; I 
(3.8) 
where Vj, P, C and p are now time averaged quantities and Uj and c are the fluctuating 
velocity and solute concentration, respectively. 
Since no assumption has been made about the terms in these equations, they are still 
exact and describe precisely the flow behaviour. However, due to the decomposition 
process, unknown correlations between the fluctuating velocities (uju j ) and between 
velocity and concentration fluctuations (u j c ) have been introduced and the number of 
unknowns is now bigger than the number of equations. 
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As reported by Rodi (1993), when multiplied by density, these correlations represent 
the transport of momentum and mass due to the fluctuating (i.e. turbulent) motion. 
- p uju j is the transport of Xi - momentum in the direction Xj (or vice versa); it acts as 
a stress on the fluid and is therefore called turbulent or Reynolds stress. - p uj c is the 
transport of mass due to turbulence in the direction Xi and is therefore a turbulent mass 
flux. 
3.2 The closure problem 
Due to the increase in the number of unknowns, to solve Equations (3.6) to (3.8) for 
the mean quantities, the turbulent correlations have to be determined. In fact, as 
reported by Rodi (1993), this is the main problem when calculating a turbulent flow. 
This problem is referred in the literature as the closure problem. 
Many closure models, or turbulence models as they are also known, were proposed 
during the last three decades. Starting from a simple model of constant eddy 
viscosity/diffusivity to the much more complex turbulent stresslflux models, the main 
objective of all these models is to correlate the turbulent transport quantities to the 
mean flow so that the flow equations can be solved. 
3.3 Vorticity equation 
To understand the mechanisms that control the secondary currents, the knowledge of 
vorticity equation is required. The longitudinal vorticity equation, for steady and 
incompressible flow, is given by Equation 3.9. In order to show the mechanisms that 
control the secondary motion in a turbulent flow, the longitudinal vorticity equation 
was not written in tensor notation. 
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where the components of the vorticity vectors are: 
Q = av _ aW 
1 az ay' 
au aw Q =---
2 az ax' 
av au Q3=---ax ay 
(3.9) 
(3.1O) 
Basically, two kinds of secondary flow currents exist. If the flow is not uniform in the 
streamwise direction, longitudinal vorticity is generated by vortex stretching and 
tilting by the longitudinal velocity gradients (term A2 in Equation 3.9). Secondary 
currents generated by this mechanism are called "secondary currents of Prandtl' s first 
kind", and they have received considerable attention in curved channels and 
meandering rivers. This kind of secondary current is not considered in this work. 
The other kind of secondary currents is the one that occurs in a straight uniform open 
channel. Such currents are generated by the non-homogeneity (or anisotropy) of 
turbulence and are called "turbulence-driven secondary currents" or "secondary 
currents of Prandtl' s second kind". It is this kind of secondary currents that this work 
is mainly concerned. 
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The mechanisms that govern secondary currents of the second kind can be explained 
by the longitudinal vorticity equation for fully developed flow. In this case, Equation 
3.9 reduces to: 
(3.11) 
In the above equation, (AI) represents the advection of streamwise vorticity by the 
main flow and is equal to zero if no secondary currents exist. The first term in the 
right hand side (~) represents the generation of secondary currents by the anisotropy 
of turbulence while the second one (As) is the contribution of the shear stress to the 
vorticity balance. Term (A6) is the viscous term, which is only important close to the 
wall. The gravity term (A7) represents the contribution of buoyancy to the production 
and/or dissipation of secondary flow. This term shows that if a lateral density gradient 
exists, it can also contribute to the production or dissipation of secondary currents. 
3.4 Turbulent kinetic energy budget 
Turbulent kinetic energy (TKE) plays an important role in transport and mixing 
processes. In fact, the TKE is the driving force for these processes. For this reason, it 
is very important to understand how this energy is generated and transferred to the 
flow where it is transported by the velocity field until it is finally dissipated by 
viscous effects. The understanding of the TKE budget is therefore essential for the 
comprehension of the flow behaviour. The TKE equation reads: 
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, ] dx jP' dx j dx j (3.12) 
where 
k= UjU j 
2 
(3.13) 
The tenns in the left-hand side of equation 3.12 represent the rate of change of k and 
its convective transport due to the mean flow. The first tenn in the right-hand side 
represents the diffusive transport rate due to pressure and velocity fluctuations. The 
second tenn is the production rate of k caused by the interaction of the Reynolds 
stresses and the mean velocity gradients (TKE production). The third tenn, the gravity 
term, represents the production or destruction rate of k due to the buoyancy forces. 
And finally, the last tenn is the dissipation rate of k into heat by viscous effects. 
3.4.1 Correlation function and energy spectrum 
The one-dimensional energy spectrum can give valuable infonnation on the 
contribution from eddies of different sizes to the energy dissipation. It is well known 
that TKE generated by shear forces close to the boundaries of the flow is passed to 
large eddies and subsequently transferred to smaller ones until it is finally dissipated 
into heat by viscous effects (turbulence cascade). 
An auto-correlation function for velocity fluctuations at a fixed point can be defined 
as: 
1 iT Q( T)= u(t) U(t+T) =lim- u(t) U(t+T) dt 
T~- T 0 (3.14) 
This quantity can be related with the one dimensional energy spectrum by the 
following equations: 
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Q ( r ) = J: E (/ ) cos (2n f r ) d/ (3.15) 
E(/)=4 fo~Q( r) cos (2n/r) dr (3.16) 
which are Fourier cosine transform, as pointed out by Taylor (1921) and explained in 
details by Hinze (1975). 
Once the auto-correlation function Q ( r) and the energy spectrum E (/ ) constitute 
what is called a discrete Fourier transform pair, E (f) can be promptly obtained by 
applying the Fast Fourier Transform (FFT) to Q ( r ) . 
The energy spectrum E (/) can also be obtained by applying the FFT directly to the 
temporal series of instantaneous velocities. In this case, E (/ ) is equal to the squared 
modulus of the amplitude spectrum divided by the measurement bandwidth (11 T ). 
(3.17) 
The amplitude spectrum u(j) is given by: 
1 N-} 
u(j) = FFT ( {j ( t) ) = - I {j ( t) e -21iift 
N n=O 
(3.18) 
The above equation assumes that the velocity elements (j (t) are equally spaced and 
N is the total number of elements in the time series. 
If the energy spectrum is integrated through the entire frequency domain, the turbulent 
intensity (u 2 ) can be obtained, as shown by the equation below. 
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(3.19) 
From the energy spectrum, many other valuable pieces of information concerning the 
turbulence field can be obtained, like for instance, the TKE dissipation rate, which is 
discussed in the next section. 
3.4.2 The inertial sub-range and the turbulent energy dissipation 
The energy spectrum can be divided into three distinct sub-ranges. The first sub-range 
refers to the TKE production, where turbulent kinetic energy is extracted from the 
main flow. The second is the inertial sub-range, where the TKE production is in 
equilibrium with its dissipation. And the third is the viscous sub-range, where TKE is 
finally dissipated into heat. 
The turbulent energy dissipation rate can be obtained from the inertial sub-range of 
the energy spectrum by using the Kolmogoroff's spectrum law (Equation 3.20). 
( r e = ~ kw5/3 S{kJ (3.20) 
where, 
S{kw)=(~) E{f) (3.21) 
and 
k = 2nf 
w U (3.22) 
a is the Kolmogoroff constant and a value of 0.5 is commonly referred in the 
literature [Nezu and Nakagawa, 1993; Shiono and Teixeira, 2000]. 
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CHAPTER 4 
Methodology 
In this section the methodology used in this work is explained. The experimental 
apparatus, which consists of a rectangular channel, a compound channel and the 
hydraulic circuit, is presented in section 4.1. Section 4.2 describes the measurement 
techniques, including laser Doppler anemometry for the velocity measurements, laser 
induced fluorescence and conductivity sensor for concentration measurements, and 
finally the flow visualisation technique. 
4.1 Experimental apparatus 
Experimental work in controlled laboratory environment is essential for the 
investigation of turbulent flow structures and mixing processes in stratified flows 
because of its inherent complex nature. 
As explained in the previous chapters, in non-stratified flow, secondary currents are 
typically generated near the corners of the channel due to anisotropy of turbulence. 
However, in stratified flow, turbulence is usually damped by stratification, which 
directly affects the mechanism responsible for generation of secondary currents. To 
investigate the fundamental interaction between anisotropy of turbulence and 
stratification, measurements of velocity and concentration were taken in a narrow 
rectangular open channel with a bed slope of 1:2000 and a width to depth aspect ratio 
of one (BIH=1). In terms of classification, this flow can be considered as stratified 
flow influenced by secondary currents and bed generated turbulence. Details of the 
channel, hereafter referred to as the rectangular channel, are given in section 4.1.1. 
Turbulent flow in a compound channel is also investigated. In this case, the flow is 
dominated by shearing and secondary flow generated by the different velocities 
between the main channel and the flood plain. Details of the compound channel are 
given in section 4.1.2. 
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And finally, a general view of the process is given in section 4.1.3, where the 
hydraulic circuit is presented. Comprehension of the hydraulic circuit is essential for a 
better understanding of the experiments. 
4.1.1 Rectangular channel 
The rectangular channel consisted of a 12.0m long flume, whose first 2.5m were 
adapted to create a two layer stratified flow. A schematic view of the rectangular 
channel is given in Figure 4.1. 
~j 
B I 
Figure 4.1 - Schematic view of the rectangular channel. 
The inlet of the channel was composed of two ducts. The upper duct carried fresh 
water and the lower duct carried salty water in which the concentration depended on 
the stratification level considered. Details of the hydraulic circuit are given in 
section 4.1.3. 
The inlet ducts were 2.5m long, O.lm wide and O.05m high. This gives an aspect ratio 
(BIH) of 2 and a relative length (Lt Dh) of 37.5, where L is the length and Dh is the 
hydraulic diameter of the duct. 
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After 2.5m the channel opened and the fluids from the two ducts started to mix. The 
depth of the flow was controlled by an outlet weir to obtain uniform flow with a flow 
depth of O.lm. The channel was O.lm wide 9.5m long. These dimensions classify the 
channel as a narrow channel, with aspect ratio (BIH) of I, and relative length 
(LIDh) of 71. 
With the objective to analyse the flow development, measurements were taken at 
three different cross-sections: xl Dh = 12, xl Dh = 24 and xl Dh = 48. However, the 
majority of the analyses were done for the last section, where the flow is more 
developed. The main flow parameters for the rectangular channel cases investigated in 
this work are summarised in Table 4.1. 
Table 4.1 - Flow parameters for the Rectangular channel cases. 
Case Stratification Level QT QB H B 
( kg/m3 ) (Umin) (Umin) (m) (m) 
RI 0 75 75 0.1 0.1 
R2 1 75 75 0.1 0.1 
R3 3 75 75 0.1 0.1 
R4 5 75 75 0.1 0.1 
4.1.2 Compound channel 
The compound channel was constructed in the 12.0m long flume. The first 2.5m were 
kept as before, with the objective of creating a two-layer stratified flow. Blocks of 
square cross-section were placed on the bottom of the channel, attached to the left 
wall, to form a compound channel. A schematic view of the compound channel is 
given in Figure 4.2. 
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Figure 4.2 - Schematic view of the compound channel configuration. 
The bed width of the compound channel (b) was 0.05m and the flood plain width 
(B) was O.lOm. Three relative depths (hIH) were investigated (0.25m, 0.375 and 
0.5). The total depth of the flow (H) depended on the relative depth under 
consideration but it was related to the the water depth on the flood plain (h) by 
H - h = 0.05m. All the measurements were taken at a cross-section located at 6.4m 
from the inlet but the relative position of the monitoring section also depended on the 
relative depth under consideration. The main flow parameters for the compound 
channel cases investigated in this work are summarised in Table 4.2. 
Table 4.2 - Flow parameters for the Compound channel cases. 
Case Stratification QT (b B b H h 
Level ( kg/m3 ) (IImin) (IImin) (m) (m) (m) (m) 
Cl 0 31 20.5 0.1 0.05 0.08 0.03 
C2 1 31 20.5 0.1 0.05 0.08 0.03 
C3 3 31 20.5 0.1 0.05 0.08 0.03 
C4 5 31 20.5 0.1 0.05 0.08 0.03 
CS 0 23 15 0.1 0.05 0.067 0.017 
C6 0 62 31 0.1 0.05 0.1 0.05 
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4.1.3 The hydraulic circuit 
This section describes how the stratified flow was created and gives some details of 
the hydraulic circuit that was used. A schematic representation of the hydraulic circuit 
is shown in Figure 4.3 and explained below. 
Water for the experiments was supplied from a 100m3 reservoir (1) and pumped 
through a system of pipes to the ducts located at the inlet of the channel (2). A set of 
valves and flow meters were used to control the flow rate. 
To obtain different stratification levels, highly concentrated salty water (lOOppt) was 
prepared in a 1m3 container (5) and pumped from a constant head reservoir into a pipe 
connected to the lower duct. A conductivity meter, placed in the lower duct at 1m 
from the inlet of the open channel, was used to monitor the salt concentration. A valve 
was also used to control the salt concentration so that the required stratification level 
could be achieved. 
A fluorescent dye (Rhodamine 60), injected into the same tube, was used as a 
surrogate for salinity measurements in order to use the laser induced fluorescence 
technique (section 4.2.3). The dye was injected by gravity and a flow meter was used 
to monitor the amount of dye released. 
A third container (7) supplied seeding particles (Iriodin 111 Rutile Fine Satin) to the 
water. The purpose of the seeding particles was to improve the quality of the laser 
measurements, as it will be explained in section 4.2.1. The particles were released 
either into the upper or lower duct, depending on the place where the readings were 
taken. 
After passing through the open channel (3), the water flows into a small reservoir 
where it was either discharged (if salt has been added to the water) or recycled to the 
system (if no salt has been added to the water). This recycling system was important, 
as the flume was let to run for about one hour, to assure uniform flow condition before 
commencing the experiments. 
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Figure 4.3 - Schematic representation of the hydraulic circuit. 1) Water reservoir; 
2) Channel inlet; 3) Main channel; 4) Recycling system; 5) Saline water 
tank; 6) Fluorescent dye tank; 7) Seeding particles tank. 
4.2 Measurement techniques 
To analyse the effects of stratification on flow behaviour, velocity and density 
measurements were taken under different flow conditions. The techniques used for 
these measurements are explained below. 
The laser Doppler anemometer is explained in section 4.2.1. This is one of the most 
advanced techniques to measure velocity in open channel flows and one of its main 
advantages is that it is a non-intrusive method, what allows the velocity to be 
measured without disturbing the flow. 
Conductivity sensors have been used to measure concentration in open channels for 
many years. Although the design of the probes has improved to cause minimum 
disturbance to the flow, it is still an intrusive method and affects the flow surrounding 
it. On the other hand, non-intrusive density measurement techniques, like laser 
induced fluorescence, have many advantages, but they are not always available and 
require the use of more expensive apparatus. 
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In this work, both techniques have been used. The first method (conductivity sensors) 
was used for two purposes. First, to calibrate the second method (laser induced 
fluorescence), which was used to measure turbulent density and velocity fluctuations 
simultaneously so that the Reynolds fluxes could be obtained. And second, to control 
the amount of salt released into the flow to obtain the required stratification level. The 
conductive sensor is explained in section 4.2.2 and the laser induced fluorescence 
technique is explained in section 4.2.3. 
To gain a better understanding of the flow behaviour, flow visualisation was also 
used. Although not quantitative, this technique proved to be very helpful to 
understand the mixing mechanisms and is explained in section 4.2.4. 
4.2.1 Laser Doppler anemometer 
As it was stated before, one of the main advantages of using laser Doppler 
anemometer is that it is a non-intrusive method. Another advantage of the LDA is that 
it does not require calibration, as the velocity can be determined from theory by 
relating it to the Doppler frequency (iD). A schematic representation of an LDA 
system is shown on Figure 4.4. 
A Bragg cell is used to split the laser beam into two parts of equal intensities and to 
shift the frequency of one of the beams. These beams are then focused into optical 
fibres and transmitted into the probe. In the probe, the front lens focuses the two 
beams at a measuring point, where the beams intersect. At the measuring point, light 
scattered by very small particles carried by the fluid (seeding particles) is collected by 
receiving lens, also located in the same probe, and filtered by a photo-multiplier 
where the signals are detected as bursts of frequency ib . The Doppler frequency (iD) 
can be obtained from the difference between the burst frequency (ib ) and the shifted 
frequency (is). The velocity is directly related to the Doppler frequency by the 
following equation: 
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U = d f ID = d f (/b - Is) (4.1) 
The proportionality constant (d f) is called fringe distance. When the two beams 
intercept at the measuring point, they cause an interference pattern modulating the 
light into parallel planes of high intensity, known as fringes. The fringe distance is 
defined by the wavelength (A) of the laser light and the angle (B) between the two 
beams (Equation 4.2). 
d = A 
I 2sin(O/2) (4.2) 
With a positive shift, the velocity is measured on the plane formed by the beams, in 
the direction that goes from the unshifted to the shifted beam (as they are emitted 
from the probe). 
LDAprobe 
Figure 4.4 - Schematic representation of the LDA system. 
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4.2.1.1 Three-dimensional measurements 
The LDA presented in the previous section is a two-beam system used for turbulence 
measurements, which allows velocity to be measured in one single direction. 
However, if more than one component of velocity is required, a combination of the 
previous arrangement can be set so that multiple components of velocity can be 
measured at the same time. The arrangement presented in Figure 4.5 is a LDA system 
commonly used for 3-D measurements. 
Figure 4.5 - 3-Dimensional LDA system. 
To measure two velocity components, two extra beams are added to the probe in a 
plane perpendicular to the first set of beams, fonning a four-beam system. Lights with 
different wavelengths are used to separate the measured components. 
To measure three velocity components, another probe with two other beams is used. 
In this case, it is necessary to make sure that all beams are crossing at the measuring 
point. 
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For 3-Dimensional measurements, green, blue and violet lights are usually used. The 
corresponding wavelengths (A) are 514nm, 488nm and 476nm, respectively. 
In cases where the velocity is to be measured at more than one point, it is convenient 
to have a system to assure that the movement of the two probes is synchronised so 
that the beams are always crossing at the measuring point. A traverser system is 
usually used for that purpose. 
4.2.1:2 The traverser system 
A 2-Dimensional traverser system was used to move the laser beams to the grid points 
specified for the measurements. A schematic representation of the system is shown in 
Figure 4.6. 
Figure 4.6 - The traverser system. 
The traverser system was computer controlled, allowing vertical and lateral 
displacements with a precision of O.1mm. A plate was adapted to hold the probes, 
which were submerged, in a water box on the side of the channel. This box was used 
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to prevent the laser beams passing through mediums of different refraction indices. A 
45° mirror was used to change the beam direction to allow the measurements to be 
taken by shining the laser through the side of the channel. The angle between the focal 
axis of the two probes is usually set to approximately 90° so that the accuracy of the 
LDA measurements is maximised. 
4.2.1.3 Resolving velocities 
To permit an automated control of experiments through the use of a traverser system, 
the velocities could not be measured directly in the directions of interest. For this 
reason, the velocities had to be resolved in order to obtain the velocities in the 
required directions, i.e. longitudinal, vertical and lateral directions, respectively. 
Let VI, V2, and V3 be the velocities measured by the green, blue and violet lights, 
respectively. Assuming the plate that holds the probes to be parallel to the flow 
direction (Figure 4.7), the following matrix transform is applied to obtain the 
velocities on the channel co-ordinate system: 
sin 51 0 sin 52 
Ux sin(51 + 52) sin(51 +52) UI 
Uy cos 51 0 -cos52 U2 (4.3) = 
sin(51 + 52) sin(51 +52) 
Uz U3 
0 1 0 
Where Ux, Uy, and Uz are the longitudinal, lateral and vertical velocities in the new 
co-ordinate system. The angles 51 and 52 are the angles formed by focal axis of the 
laser beams and the plane perpendicular to the direction of the flow and are also 
represented in Figure 4.7. For the present measurements 51 and 52 are 38° and 42°, 
respectively. 
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Figure 4.7 - Co-ordinate transfonn system (~>t and 82 are the angles fonned between 
the focal axis of the laser beams and the plane perpendicular to the flow 
direction. 
The vertical component (Uz) is measured directly by the blue light and therefore does 
not need to be resolved. 
4.2.1.4 Velocity corrections 
One of the main problems of using LDA systems for open channel flow 
measurements is the alignment of the laser beams with the flow direction. As reported 
by Nezu and Nakagawa (1993), due to the slope of the channel, it is quite difficult to 
rotate the laser-beam plane precisely so that the 'horizontal' beam plane is exactly 
nonnal to the flume bed. In addition, the beams have also to be precisely aligned with 
the walls to ensure that the longitudinal velocity is actually in the streamwise 
direction. To overcome this difficulty, the method used by Nezu and Rodi (1986) was 
adopted here and is explained below. 
If the angle fonned between the beam plane and the channel wall is called 1:18, 
Matrix (4.3) can be rewritten as: 
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sin(<>\ -~e) 0 sin(<>2 + ~e) 
. sin(<>\ +<>2) sin(<>\ + <>2) Ux UI 
. cos(<>\ -~e) 0 - cos (<>2 + ~e) (4.4) Uy = U2 
sin(<>\ + <>2) sin(<>\ + <>2) 
Uz U3 0 I 0 
Assuming that the difference angle ~e is usually very small, Matrix (4.4) can be 
approximated by a first-order Taylor series expansion, as follows: 
Ux'= Ux - Uy ~e 
Uy'=Uy-Ux~e 
Uz'=Uz 
(4.Sa) 
(4.Sb) 
(4.Sc) 
Where Ux, Uy, and Uz are the resolved velocities given by Matrix (4.3) and Ux', Uy' 
and Uz' are the corrected velocities in the new co-ordinate system. 
Since ~e and Uy are very small, the second term in the right hand side of 
Equation (4.Sa), can be neglected and the longitudinal velocity needs no correction. A 
similar approach can be applied to the correction of the vertical velocity for any miss 
alignment bf the laser beams. Assuming that the difference in the angle between the 
beam plane and the bed of channel is !l.fjJ and that !l.fjJ is very small, the corrected 
instantaneous velocities on the longitudinal, lateral and vertical directions can then be 
obtained by: 
-U=Ux 
-V =Uy - Ux!l.e 
-W = Uz - Ux !l.fjJ 
(4.6a) 
(4.6b) 
(4.6c) 
Therefore, the measured velocities should be resolved according to Matrix (4.3) and 
corrected by Equation (4.6). An iterative method is usually applied to obtain the 
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angles 118 and I1rp for which the cross-sectional velocities V and W satisfy the 
continuity equation. 
4.2.1.5 System specification 
The system used was a TSI three component fibre optic LDA (EPSRC, Engineering 
and Physical Sciences Research Council loan pool). All hardware interfacing 
functions were performed by the Flow Information Display (FIND) software. This 
software makes a diagnosis of the system to certify that the hardware is operating 
correctly. Since it operates in real time, it gives instantaneous feedback on various 
parameter settings so that adjustments can be made before starting the actual 
experiment. The data acquisition was also performed by the FIND software. This 
software sets up all the experiment parameters and collects the data from the signal 
processors (model IF A 650). It also controls the movement of the traverser table 
(model isel) and performs the statistical analysis. 
4.2.2 Conductivity sensor 
When a solution of an ionic solute is placed between two metal electrodes and a 
voltage is applied, it gives rise to an electrical current. This current is a measure of the 
electrical conductivity of the solution and its value is proportional to the concentration 
of ions present in the solution. Conductivity sensors are based on this principle and 
are very useful to obtain density measurements. 
The density of a solution is directly proportional to its conductivity and a linear 
relationship is usually obtained. Each conductivity sensor has its own proportionality 
constant and a calibration process is usually required. 
The proportionality constant is found by placing the sensor in a standard solution, 
with known density, and measuring the response of the sensor. After it has been 
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calibrated, the sensor can be used to obtain the density measurements. An example of 
a calibration curve is shown in Figure 4.8. 
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Figure 4.8 - Typical calibration curve for conductivity sensor 
4.2.3 Laser induced fluorescence 
As reported by Feng and Shiono (2000), most measurements of solute and suspended 
solids concentration in laboratory flumes and estuaries have been carried out using 
intrusive methods, i.e. placing a probe into the flow or taking discrete samples from 
the flow (e.g. Wood & Liang, 1989). Papanicolaou and List (1988) introduced a non-
intrusive Laser Induced Fluorescence (LIF) method to measure turbulent fluctuations 
of solute concentration and, more recently, Lemoine et al. (1997) used a combination 
of both LIP and LDA to measure simultaneous turbulent fluctuations of velocity and 
tracer concentration in grid generated turbulence flow. 
In the present work, this technique was also applied to study the effect of stratification 
on flow behaviour. For this purpose, the LDA system was adapted to a LIP system. 
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The LIP system was used to measure dye concentration (Rhodamine 6G) as a 
surrogate for the density of the saline water. 
The LIP system used here was the same used by Shiono and Feng (2001). As they 
reported, a LIP system is based on the photoluminescence of a fluorescent solution. 
According to spectrometry theory, when a Rhodamine 6G solution is illuminated by a 
green laser beam with a wavelength of 514 nm, the colour of fluorescent light will be 
yellow-orange with a wavelength of 570 nm. The fluorescent light, together with all 
the scattered light, can be collected from the focal point by receiving optics and the 
orange light filtered by a colour separator with a long wave pass filter (for the present 
study a Corion LL550F7325, provided by TSI was used). The filtered orange light is 
transmitted into a photo multiplier to produce an analogue output voltage. This output 
voltage can be related to the saline water density through the use of calibration curves. 
A comparison of the results obtained using LIP system and Conductivity Sensor is 
given in Figure 4.9. 
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Figure 4.9 - Comparison between concentrations measured with conductivity 
sensor (CS) and laser induced fluorescence technique (LIP). 
To measure velocity and tracer concentration fluctuations simultaneously, a multi-
channel analogue to digital convertor, called "DataLink", was used for sampling the 
analogue signals of concentration and the LDA data. This system, together with three 
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signal processors controlled by the TSI FIND software, enabled the velocity and 
concentration signals to be recorded simultaneously in a real-time sequence. 
4.2.4 LDA and LIF measurements in stratified flows 
The main problem in using LDA and LIF systems to measure stratified flows is that 
the refraction index is different at different locations in the flow. With different 
refraction indexes the laser beams can change their paths and may not intercept each 
other at the measuring point. The change of the refraction index along the laser path 
depends on the stratification and turbulence levels. Because the flow is turbulent, the 
density along the laser path will change with time. Therefore, the position where the 
laser beams intercept may also change with time. For this reason, when the laser 
beams pass through turbulent stratified regions to reach the measuring point, the 
accuracy of the measurements can be affected. 
In order to evaluate the effect of changes in the refraction index due to stratification 
on the laser measurements, the turbulent density fluctuations were measured using 
both the LIF system and also the Conductivity Sensor simultaneously at the same 
point. Once the conductivity sensor measures the instantaneous concentration in a fix 
position, the difference in the measurements using the two techniques provides an 
estimate of the error caused by the change in the refraction index along the laser path. 
The concentration measurements obtained by both techniques in a region of large 
turbulent density fluctuations are shown in Figure 4.10. 
Figure 4.10 shows that the pattern of the density fluctuations obtained by the 
Conductivity Sensor was reproduced by the LIP technique. The difference in the 
average density value was 5.4% and the difference in the turbulent density intensity 
(which represents the r.m.s. value of the density fluctuations) was 5.6%. The 
measurements were taken in a region of large turbulent density intensity, which 
indicates that the error induced by the change in the refraction index due to 
stratification is relatively small for the cases that were considered in this work. 
Nevertheless, this work only considers narrow channel flows, and the laser path is 
limited to no more than O.lm. In this case, the influence of stratification on the LDA 
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and LIP measurements was relatively small but for higher stratification levels and 
wider channels the error involved in the measurements can increase and therefore, 
need to be assessed if these techniques are to be used. 
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Figure 4.10 - Comparison of turbulent density fluctuations measured with a 
Conductivity Sensor (CS) and the Laser Induced Fluorescence 
Technique (LIP). 
4.2.4 Flow visualisation 
As reported by Merkel et al. (1996), one of the most efficient mixing processes in 
fluids is turbulence. In their study, they emphasise the importance of flow 
visualisation to understand the mixing mechanisms in turbulent flows. Through the 
use of Laser induced fluorescence (LIP) they were able to visualise a passive scalar in 
a fully developed turbulent jet of moderate Reynolds number. 
In the previous section, LIP was used to measure the concentration of Rhodamine 6G 
as a surrogate for salinity. For the flow visualisation, the process is similar, except that 
instead of a punctual laser source to induce the fluorescence, a laser sheet is created 
and the fluorescent light is captured by a CCD camera. 
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The technique has been used by many investigators [Ishigaki et aI., 2001; Yamashita 
et aI., 1996; Papanicolau and List, 1988] and consists of using a passive fluorescent 
tracer to mark one part of the mixing fluid and a sheet of laser light with the 
appropriate wave length to induce the fluorescence of the dye. This procedure allows 
the flow to be visualised. A schematic representation of the technique is shown on 
Figure 4.11 and is explained below. 
From the laser source, the beam is transported by optic fibre to a small probe placed 
on the top of the flume. In the probe, a cylindrical lens expands the beam to form the 
laser sheet. The sheet covers the entire cross-section to be visualised. The channel 
walls were made of acrylic resin, which was transparent to allow the CCD camera, 
placed on the side of the channel, to record the image. 
t F1 uoresc em Dye 
Laser Source 
C ylindri cal Lens 
~ ... 
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Figure 4.11 - Schematic representation of the visualisation technique 
In this work, this technique was used to visualise the mixing process at the inlet 
region of both the rectangular and the compound channel, for the different 
stratification levels considered. 
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CHAPTERS 
Rectangular channel results 
In this chapter the results obtained for the rectangular channel are presented. Section 
5.1 explains the inlet condition, which has a strong influence on the flow 
development. The flow development, in terms of velocity distribution and secondary 
currents, is explored in Section 5.2. In that Section the stratification effects on flow 
development is also analysed. In order to provide a general view of the flow in terms 
of local stratification, the density distribution is shown in Section 5.3. The effects of 
secondary flow on the density distribution are also analysed. To give a better picture 
of the mixing processes under stratified flow conditions, flow visualisation was used 
and the results are shown in Section 5.4. Following this, the vorticity balance is 
shown in section 5.5 so that the mechanisms involved in the secondary current 
generation can be understood. 
After the main flow characteristics are presented, the turbulent characterisation of the 
flow is considered and the effects of stratification on the turbulent quantities are 
analysed. Section 5.6 presents the turbulent intensities and turbulent kinetic energy 
profiles under homogeneous and stratified conditions. Two main points are addressed 
in this section; wall effects on the turbulent field and stratification effects on turbulent 
intensities and TKE. The turbulent density intensity, which under stratified conditions 
. is a parameter as important as the velocity turbulent intensities, is presented in 
Section 5.7. The Reynolds stress, which represents the transfer of momentum due to 
turbulent motion, and the Reynolds flux, which represents the transfer of mass due to 
tu~bulent motion, are discussed in Sections 5.8 and 5.9, respectively. These 
parameters are very important to the transport and mixing processes and are therefore 
crucial to understand the flow behaviour. The exchange coefficients, which are widely 
used as the parameters to account for the stratification effects on Reynolds stress and 
flux, are analysed in Section 5.lD. Turbulent kinetic energy is usually the main source 
of mixing in open channel flows. For this reason, to conclude the chapter, the 
turbulent kinetic energy budget is considered in Section 5.11 so that the stratification 
effects on TKE balance can be assessed. 
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5.1 The inlet condition 
As explained in Section 4.1, the inlet of the open channel consists of two ducts in 
order to create a two-layer stratified flow. Therefore, the inlet flow condition can be 
described by placing the flow structure of one duct, with the flow pattern as shown in 
Figure 2.1, on the top of another duct with the same flow pattern. A schematic 
representation of the flow structure for the longitudinal velocity distribution and for 
the secondary currents in the inlet of the open channel is shown in Figure 5.1. 
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Figure 5.1 - Schematic representation of the velocity distribution and secondary 
currents in the inlet of the open channel. 
Figure 5.1a shows that the position of the maximum velocity occurs at two different 
locations. The maximum velocities at these locations are originated at the centre of 
each duct, which corresponds to zIH=O.25 and zIH=O.75, respectively. At mid-depth 
(zIH=O.5), a zone of strong shear is also created due to the presence of the split plate 
separating the two ducts. This zone does not occur in open channel flows and directly 
affects the flow development. 
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The secondary flow currents at the inlet of the open channel are shown in Figure 5.1b. 
In this case, 16 secondary flow cells exist in total, but due to the symmetry of the flow 
only half of the domain is illustrated. For the moment, it suffices to observe that one 
pair of vortices is formed in each corner of the channel and two other pairs of vortices 
are observed at mid-depth (zIH=O.5). The vortices at mid-depth are formed due to the 
presence of the split plate separating the two ducts and carry fluid from the wall 
towards the centre of the channel. 
5.2 The mean flow and its development 
The majority of the measurements carried out in this work were at xlDh = 48 . But to 
obtain a better view of the flow development along the channel, velocity distributions 
were also measured in two other upstream sections (i.e. xl Dh = 12 and 24, 
respectively). Besides producing some information on the flow development, the 
measured data were also used to assess the influence of the inlet configuration on flow 
behaviour. 
The distribution of longitudinal velocity at the first cross-section ( xl Dh = 12) is 
shown in Figure 5.2a. At this cross-section, only one position of maximum velocity is 
observed at zIH=O.8. The maximum velocity originates in the centre of the upper inlet 
duct (Figure 5.1a) and due to the self-adjustment process from duct flow to open 
channel flow, moves upwards appearing closer to the water surface. 
The maximum velocity that was originated in the lower inlet duct at z/H=O.25 is no 
longer seen at this cross-section and the zone of strong shear that appears in the inlet 
of the open channel at zIH=O.5 is not so intense. The decrease in the velocity at 
zIH=O.25 and the increase in the velocity at mid-depth (zIH=O.5) are due to the 
exchange of momentum between these two regions, which occurs during the process 
of self-adjustment to the new boundary condition (open channel flow). 
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The secondary flow currents at xl Dh = 12 are presented in Figure 5.2b. Except near 
the wall, the magnitude of the secondary flow vectors is very small and less than 1 % 
of the mean cross-sectional velocity ( U ). 
According to Figure 5.1b, a pair of vortices is expected in the lower corner of the 
channel and another one in the water surface corner. However, these secondary flow 
cells are no longer seen at this cross-section (xl Dh = 12). 
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Figure 5.2 - Velocity profiles at section 1, xl Dh = 12. 
Although the pattern is not so clear, a strong flow from the wall towards the centre of 
the channel is observed at mid-depth. The strong secondary current at this location 
(z/H=O.5) is still an effect of the inlet condition (see Figure 5.1b). 
The results indicate that, up to this location (xl Dh = 12), the secondary velocities are 
still affected by the inlet condition, and the secondary current pattern expected for the 
open channel (Figure 2.2) has not developed yet. 
As the flow progresses downstream (Figure 5.3), the inlet effects are reduced. It is 
clearly seen from Figure 5.3b that the secondary flow cells at xl Dh = 24 are closer to 
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those expected for the open channel flow case (Figure 2.2b). The flow is restructuring 
to adapt to the new boundaries and two vortices (A and B) are now exhibited at the 
bottom corner. The lower vortex (A) is limited by the corner and bottom bisectors 
while the upper vortex (B) extends almost to the water surface. Another pair of 
vortices (C and D) appears in the free surface corner causing a bulging in the 
longitudinal velocity distribution in this region (see Figure 5.3a). These vortices are 
caused by the re-arrangement from the duct flow to the open channel flow regime. 
Another interesting feature is noticed when comparing Figure 5.2a with 5.3a. It is 
noticed that the position of maximum velocity (U max) moves downwards from 
zIH=O.8 at section 1 to z1H=O.7 at section 2. If the channel were wider, say B1H>5, a 
2D flow condition would prevail and the location of maximum velocity would tend to 
move upwards while adjusting from the duct flow to the open channel flow. However, 
the velocity dip occurs because of the small aspect ratio (BIH=1) and consequently, 
the position of maximum velocity moves towards the centre of the channel 
(mid-depth). 
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65 
1 
When comparing Figures 5.2b with 5.3b, it is observed that the overall secondary 
flow magnitude increases downstream. This is because the secondary flow cells that 
were formed at the inlet are destroyed due to the re-arrangement process from the duct 
flow to the open channel flow. After adjusting to the new boundaries, the magnitude 
of the secondary flow is then intensified by the presence of the corner due to the 
anisotropy of turbulence that occurs in this region. 
Further downstream, at xl Dh = 48, the flow is practically developed. Figure 5.4 
shows the flow pattern at this section, which is similar to the pattern expect for the 
fully developed flow, as shown in Figure 2.2. 
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It can be seen from Figure 5.4a that the velocity distribution bulges towards the 
bottom corner. Although not so intense, the bulging in the velocity distribution caused 
by the corner flow is similar to other works in the literature [e.g. Naot and Rodi, 1982; 
Nezu and Rodi, 1985]. The position of the maximum velocity (Umax) also moves 
considerably downwards (z/H=O.55). In their secondary current calculation using an 
algebraic stress model, Naot and Rodi (1982) predicted the position of Umax 
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at zlH=O.65. However, the LDA measurement of Nezu and Rodi (1985) shows that 
Umax occurs at zlH=O.6, which is not so different from the value obtained in this work. 
The water surface vortices shown in Figure 5.3b are no longer seen at section 3 
(Figure 5.4b). At this section, the upper vortex formed in the lower corner (B) further 
extends to the water surface, as should be expected for a fully developed flow 
condition (Figure 2.2b). The lower corner vortex (A ) remains as before. 
The longitudinal velocity distribution (Figure 5.4a) corresponds well to the secondary 
flow profile (Figure 5.4b), which shows that high momentum fluid is carried by the 
secondary currents from the water surface region to the centre of the channel and from 
the centre towards the corner. From the above flow characteristics, the velocity dip is 
the most remarkable one and occurs specially in narrow channel flow. 
5.2.1 Stratification effects on flow development 
There are many parameters that can be used to characterise the level of stratification 
in a certain environment. In this section, the analysis that will be carried out is only 
qualitative and, for this reason, the density difference at the inlet of the open channel 
(DDi) will suffice as a stratification parameter. 
Figure 5.5 shows the longitudinal velocity distributions for various DDi values at 
section 1 (xlDh = 12 ). Figure 5.5a shows the distribution of U for the non-stratified 
flow case. This distribution has already been discussed in the previous section and is 
included here only for reference. 
The longitudinal velocity distribution for DDi = lkglm3 is shown in Figure 5.5b. It 
can be seen from this figure that the contour lines are closer to each other in the 
bottom region (z/H<O.2) when compared with the non-stratified flow case 
(Figure 5.5a). The vertical gradients of velocity are also higher close to the water 
surface (z/H>O.8) and the bulging of the velocity distribution towards the centre of the 
channel is more accentuated at mid-depth (z/H=O.5). This behaviour is not surprising, 
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because it is already known that stratification decreases the vertical mixing, what 
means that the exchange of momentum in the vertical direction is reduced. If there is 
less exchange of momentum, the flow will take longer to develop and the inlet effects 
will remain further downstream. 
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Figure 5.5 - Longitudinal velocity profiles at section 1, xlDh = 12. 
With the increase of DDi to 3kglm3 (Figure 5.5c), the contour lines at mid-depth 
become almost horizontal for ylB>O.3. This is because, the mixing rate decreases with 
the increase in DDi. Therefore, there is fewer interactions between the slow fluid at 
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mid-depth and the fast fluid in the adjacent areas. This means that the zone of strong 
shear, created at mid-depth in the inlet of the open channel, is maintained longer than 
in the non-stratified flow case (Figure 5.5a) .. 
For the DDi = 5kglm3 case (Figure 5.5d), the contour lines in the upper part of the 
channel (zIH>O.5) are closer to each other when compared to the DDi = 3kglm3 case. 
This means that the shear forces are stronger in this region and that the increase in 
DDi reduces the mixing. Consequently, the higher the value of DDi the stronger the 
inlet effects on the flow behaviour. 
Another indication of the decrease in the mixing rate with the increase in DDi is given 
by the value of the maximum velocity. At the inlet of the open channel, a zone of 
strong shear is created at mid-depth (zlH=O.5). Once this zone does not exist in the 
open channel, it has to extract momentum from the adjacent areas so that the velocity 
in this region increases. An overall observation of Figure 5.5 shows that the higher 
DDi the higher the value of the maximum velocity. And also the higher DDi the lower 
the velocities at mid-depth. It indicates that when DDi increases, the vertical transfer 
of momentum decreases, retarding the development of the flow. It proves that the 
increase in DDi has a damping effect in the vertical mixing. 
The secondary flow profiles for different values of DDi at xlDh = 12 are shown in 
Figure 5.6. A complete description of the secondary currents will be given for the 
measurements carried out at Section 3 ( xlDh = 48). For the moment only a general 
comparison of the secondary currents for different values of DDi is made. At this 
distance from the inlet, the secondary flow pattern is not so clear because the flow is 
still re-structuring to adapt to the new boundary condition (open channel). 
Nevertheless, it can be seen from Figure 5.6 that the higher DDi the higher the overall 
secondary flow magnitude. It is because, after the flows from the two ducts enter the 
open channel, the mechanisms responsible for the generation of the 16 secondary flow 
cells in the inlet of the open channel no longer exist and the secondary currents start to 
fade. The higher DDi the less developed the flow, consequently the magnitude of the 
secondary currents is higher. At this cross-section there is no evidence that the 
secondary flow cells expected for the open channel have started to develop. 
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Figure 5.6 - Secondary flow profiles at section 1, xlDh= 12. 
Figure 5.7 shows the longitudinal velocity distributions for various values of DDi at 
section 3 [xl Dh = 48]. The secondary currents are presented in Figure 5.8. These 
figures are clearly showing how DDi inhibits the flow development. 
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0.8 
For the non-stratified flow case, as explained in the previous section, the flow appears 
to be well developed. However, as DDi increases, the maximum velocity becomes 
higher and also closer to the water surface. This pattern corresponds very well to the 
secondary flow pattern shown in Figure 5.8, which in turn is influenced by DDi. 
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Figure 5.8 - Secondary flow profiles at section 3, xlDh= 48. 
Concerning to the secondary currents, the following features can be observed in 
Figure 5.8. For the non-stratified flow (Figure 5.8a), a pair of vortices is formed in the 
lower corner. The upper vortex extends from the bottom to the water surface, and the 
secondary flow carries low momentum fluid from the wall towards the centre of the 
channel near the water surface. At the centre of the channel, the direction of the flow 
changes again and carries high momentum fluid from the water surface region 
downwards, causing the so-called velocity dip. This pattern of secondary currents is 
similar to the expected for a fully developed flow condition (Figure 2.2b). 
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As DDi increases (Figure 5.8b), a pair of vortices is observed in the water surface 
corner. These vortices are similar to those observed at section 2 for the non-stratified 
flow case (Figure 5.3b) but with a smaller magnitude. This occurrence is in 
accordance with the hypothesis that stratification retards the flow development as the 
flow pattern presented for the DDi = lkglm3, at xl Dh = 48, also occurs somewhere 
between xl Dh = 24 and xl Dh = 48, for the non-stratified flow case. 
For the DDi = 3kglm3, the secondary current vectors also indicates the presence of a 
pair of vortices in the water surface corner (Figure S.8c). Furthermore, a strong cross 
flow from the wall towards the centre of the channel is observed at mid-depth 
(zIH=O.5), which is similar to the one observed in the non-stratified flow at 
xIDh=12. 
Finally, when DDi increases to Skglm3, a pair of vortices is observed in each corner of 
the channel and the wall bisectors limit their size. This pattern shows a strong 
influence of the inlet configuration and confirms that the higher DDi the less 
developed the flow. 
5.2.2 Concluding remarks 
The most distinct flow characteristics of narrow open channels are the bulging of the 
main velocity profile towards the corner and the velocity maximum located below the 
water surface (i.e., the corner flow and velocity dip, respectively). These 
characteristics have already been reported in previous literature and are also verified 
in this work. 
The results demonstrated that the flow development is retarded by the increase in 
DDi. This behaviour is caused by the decrease in the vertical mixing, caused by the 
action of buoyancy forces originated due to stratification. 
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To date, works discussing the effects of stratification on three-dimensional flow 
structures driven by turbulence, like for instance secondary flow, have not been 
reported. The effects of DDi on 3D-flow structures were also discussed in this work. 
The present study shows that stratification can compromise the flow development and 
considerably affect the velocity distribution. The position of the maximum velocity 
tends to be closer to the water surface when DDi increases. This is because the 
downward secondary motion at the centre of the channel, responsible for the velocity 
dip, is still developing. 
5.3 Density distribution 
The velocity distributions and the secondary current profiles for the different flow 
conditions were presented in the previous section. In this section, the density 
distributions are analysed. 
At the inlet of the open channel, the flow is divided into two layers. The top layer 
carries fresh water (p = 1000 kg/m3) while the lower layer carries saline water. The 
saline concentration varies from DDi = 0 to 5 kg/m3 to create a two-layer stratified 
flow at the inlet of the open-channel. As the flow goes downstream, the fluids in these 
layers start to mix and change the density distribution. 
In order to illustrate the development of the density distribution, the density 
measurements were taken in three different locations along the channel. The results 
obtained for DDi = lkg/m3 are presented in Figure 5.9. The secondary current profiles 
are also included in Figure 5.9 so that the effect of secondary flow on the mixing 
mechanism can be demonstrated. 
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The density distribution at xlDh = 12 is presented in Figure 5.9a. At this section, the 
saline water released in the lower duct has mixed with the fresh water released in the 
upper duct and the density difference (DD = P - Pr) in the water surface is higher 
than 0.lkg/m3• It shows that considerable mixing occurs in this first reach. 
Although the secondary currents (Figure 5.9b) may have contributed to the mixing 
process, there is no discernible pattern that gives any evidence on that. Another 
mechanism that contributes to mixing process is turbulence. The contribution of 
turbulence to the mixing process is discussed in the next section. As it will be shown 
later, turbulent intensity is higher close to wall and decreases towards the centre of the 
channel. Mainly for the top part of the channel (z/H>O.5), the contour lines of the 
density distribution are almost horizontal, being slightly higher close to the wall. 
Therefore, secondary current seems to have a small impact on the density distribution 
and turbulence is the major mixing mechanism in this first reach. 
At xlDh = 24, a secondary flow cell can be clearly seen in the lower corner with a 
strong up-flow close to the wall (Figure 5.9d). A strong down flow is also observed in 
the centre of the channel. So, denser fluid is carried upwards by secondary flow close 
to the wall and less dense fluid is carried downwards at the centre region. This 
justifies the distortion observed in the density distribution (Figure 5.9c). 
At xl Dh = 48, the fluid is more mixed than in the upstream section and the density 
distribution (Figure 5.ge) is clearly influenced by the secondary flow pattern 
(Figure 5.90. At this stage of the flow development, the stratification is not only 
vertical but also lateral. As it will be explained later, the lateral density gradient is an 
important parameter on the secondary current (vorticity) budget. 
For the other two stratified flow cases considered (DDi = 3 and 5 kg/m3), the density 
distributions were also measured along the channel. The evolution of the density 
profiles was similar to that of DDi = 1 kg/m3 and for this reason were not presented 
here. The density distributions at xl Dh = 48, where all the analysis is performed, are 
presented in Figure 5.10. 
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Figure 5.1 0 (a -b) shows the density distributions and secondary currents for 
DDi = lkg/m3• This figure has already been discussed above and is presented here 
only for reference. 
For DDi = 3kg/m3 (Figure 5.lOc), the density gradients are larger than for 
DDi = 1 kg/m3• This was already expected because DDi is higher. However, close to 
the wall, in the mid-depth region, the contour lines are not so inclined compared to 
DDi = 1 kg/m3• This is because the vertical motion near the wall, caused by the 
secondary currents, is not so strong in this case as it can be seen from Figure 5.lOd. 
With the increase of DDi to 5kg/m3, the density gradients are even larger, which 
shows that DDi is a good parameter to characterise the overall stratification level. The 
density distribution and the secondary flow currents are presented in 
Figure 5.lO(e-f). 
For DDi = 5kg/m3, the secondary flow is not so developed (Figure 5.100 and the 
density contours are flatter than for the previous cases (DDi = 1 and 3kg/m3). It is 
very clear from Figure 5.10 that the secondary flow affects the density distribution. 
However, it is not only the secondary flow that influences the mixing process but also 
turbulence. The effects of turbulence on the mixing process are discussed in the next 
sections. 
5.4 Flow visualisation of the mixing process in stratified flow 
As reported by Imamoto and Ishigaki (1992), flow visualisation is an effective 
technique for observing three-dimensional motion of flow. To obtain a clearer picture 
of mixing processes under stratified flow conditions, instantaneous digital video 
frames were taken by a video camera placed on the outside of the flume for the 
different stratification levels. 
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a) Non-stratified at x IDh = 2.0 b) DDi = 5 kg/m3 at xlDh = 2.0 
c) Non-stratified at xlDh = 4.5 d) DDi = 5 kg/m3 at xlDh = 4.5 
e) Non-stratified at xlDh = 7.5 f) DDi = 5 kg/m3 at xlDh =7.5 
Figure 5.11 - Instant digital video frames for non-stratified and highly stratified flows 
along the open channel inlet region. 
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As explained in Section 4.2.4, the saline water enters the channel through the lower 
duct. To visualize the mixing of the saline water with the fresh water that enters the 
channel through the upper duct, a fluorescent dye was injected in the lower duct. 
Figure 5.11 shows the results obtained for the non-stratified and highly stratified 
(DDi = 5 kg/m3) flow cases along the channel inlet region. 
The turbulent motion of the fluorescent dye is clearly seen in Figure 5.11a. For the 
non-stratified flow case (Figure 5.11a) the turbulent motion is more pronounced than 
for the stratified flow case (Figure 5.11b). This indicates that buoyancy forces caused 
by stratification reduce the turbulent mixing. 
In the downstream section ( xl Dh = 4.5) the two fluids are more mixed and the 
differences between the stratified and non-stratified flow cases become clearer [see 
Figure 5.11(c-d)]. For the non-stratified case (Figure 5.11c), the dye seems to go 
further upwards when compared with the stratified flow case (Figure 5.11d). 
Further downstream· ( xl Dh = 7.5), the dye approaches the water surface near the 
wall for the non-stratified flow case (Figure 5.11e). This behaviour indicates that the 
turbulence intensity is higher near the wall. For the stratified flow case (Figure 5.11f), 
the dye does not mix much further than mid-depth (zIH=O.5), which confirms that 
stratification reduces the mixing of the two fluids. 
From the above observations, two conclusions can be drawn: 1) the wall-generated 
turbulence substantially contributes to the vertical mixing; and 2) the turbulent mixing 
is clearly reduced by stratification. 
5.5 Vorticity 
As explained in Section 3.3, the mechanisms involved in the generation of secondary 
currents can be understood by analysing the longitudinal vorticity equation. Before 
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the contribution of each term in the vorticity equation to the generation of secondary 
currents is analysed, the vorticity field is presented together with the secondary flow 
currents in Figure 5.12. 
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Figure 5.12 - Longitudinal vorticity (10001 I(U IH») and secondary currents 
at xlDh= 48. 
Although both the vector plot of the secondary currents and the contour plot of the 
vorticity field give the same kind of information, the presentation of both together 
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makes it easier to identify secondary flow cells. Negative vorticity represents 
clockwise rotation of the secondary flow while positive vorticity represents counter-
clockwise rotation. It is very clear from Figure 5.12(a - b) that there are two 
secondary flow cells for the non-stratified case. As explained in Section 5.2, this 
secondary flow pattern is very similar to the pattern expected for a fully developed 
flow. 
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For the DDi = 1 kglm3 case [Figure 5.12(c - d)], another pair of cells appears in the 
water surface corner. However, the secondary flow cells formed in the bottom corner 
are bigger than those formed in the water surface corner. 
Figure 5.12(e-h) shows that when the stratification increases (DDi = 3 and 5 kglm\ 
the secondary flow cell formed between the wall and the water surface corner 
becomes bigger, which indicates that the flow is further away from the fully 
developed condition. 
The behaviour of the secondary currents with the increase in the stratification level 
was already analysed in Section 5.2. It was shown here only to give a general view of 
the longitudinal vorticity field. 
5.5.1 Vorticity balance 
Following the analysis of Brundett and Baines (1964) each term in the longitudinal 
vorticity equation was measured so that the origins of secondary currents could be 
evaluated. The results obtained for the non-stratified case are presented in 
Figure 5.13. 
The advective term in the vorticity equation (V a Q} lay + W a o} laz) is shown in 
Figure 5.13a, normalised by (U / H V. As reported in Section 3.3, this term must be 
equal to zero if no secondary current exists. This figure shows that this term is bigger 
near the corner and close to the side wall, representing around 1 % of (U / H) 2. A 
region of high values is also observed near the water surface but in this case, it 
accounts for only 0.5% of (U/ HV. When Figure 5.13a is analysed together with 
Figure 5.12, it becomes clear that these regions of strong advection of vorticity 
correspond to the regions in which the gradient of vorticity is high (Figure 5.12a) and 
the secondary velocities are also high (Figure 5.12b). Therefore, this result is a 
consequence of the secondary currents and not the cause of it. 
83 
::'./.. ..' ..... 0 \ 
0.8 l~ ~ N c 0.6 .~ .::: 00 0 
0. 0 
... 0.4 
U " ·S ~ Vt /_O'''~';' ... .. w > 
0.2 ;~:~~~~{~:~"'~A 
Q) ~ 0.8 0 2: ~ N 
'..rJ c 0.6 ~ ~ .... , " 00 \. '\ 0v--0 0. 
0.4 ' . ... 
,,\\ ~ " ~... ~o .. '" :::~~~ > 0.2 ~~~(~\ 
0 
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 
Lateral position - ytS Lateral position - y/B 
I ( I i .. . o " .. J 
0.8 ~~ ~ N 
C 0.6 
·3 
'--0 O~ .... 
00 
0 
0. ~ ... 0.4 " ~ ~. .. w > 
0.2 
-.!'" (9 C-O". 
~ ~o 0 0.8 ~2: N 
c 0.6 -o.o<)~ .~ 
.::: ~O 00 0 0. 
... 0.4 ~0 " ~ .. '" >
0.2 mo «""0,, "') " I j \ \ ... _0.02" 
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 
Lateral position - yts Lateral position - ytS 
c)100. -2 --2 VW (UI H)2 ( a  a
2 J / 
az ay 
Figure 5.13 - Longitudinal vorticity balance at xlDh = 48, non-stratified flow. 
The anisotropy of turbulence is represented by the term plotted in Figure 5.13b 
( i)2( w2 _v2 )/ oyi)z ). If this term were the only term responsible for the secondary 
current generation, as proposed by Brundrett and Baines (1964), four secondary flow 
cells would be generated, which corresponds to the negative and positive regions on 
Figure 5.13b. However, as shown in Figure 5.12b, only two secondary flow cells are 
observed for this configuration (Le., the two secondary flow cells formed in the lower 
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corner of the channel). This term is also larger near the corner and close to the side 
wall and represents around 4% of (u / H) 2 • 
The shear stress contribution for the vorticity balance is shown in Figure 5.13c 
l (a 2 j()y2 - a2 jaz2 )vw J. Near the corner and close to the side wall, this term also 
represents around 4% of (U / H Y, confirming the results of Gessner and Jones 
(1965) and Perkins (1970) that the normal stress and the shear stress terms have the 
same order of magnitude. However, they do not necessarily have opposite signs. 
The viscous term lv(a2Qljal+a2gJaz2)J shown in Figure 5.13d, represents no 
more than 0.06% of (U / H) 2, which is at least one order of magnitude smaller than 
the other terms, and can usually be neglected. 
In summary, the results obtained in this work agree with the results presented by 
Demuren and Rodi (1984), in which the normal stress and the shear stress terms are of 
the same order of magnitude. The difference between these two relatively large terms 
has the same order of magnitude of the advective term and it is this difference that 
drives the secondary motion. The viscous term was found to be negligible when 
compared to the other terms in the vorticity equation. 
5.5.2 Stratification Effects on the vorticity balance 
For the non-stratified case, many studies have been carried out after Brundrett and 
Baines (1964). As a result, the mechanisms involved in the secondary current 
generation have been well explained through the vorticity equation. However, there is 
no work available so far, discussing the effect of stratification on secondary currents. 
For stratified conditions, as shown in Chapter 3, the vorticity balance can be affected 
by the lateral density gradients (the last term in Equation 3.11). In this section the 
effects of stratification on the vorticity balance are considered. 
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Figure 5.14 shows each term of the vorticity equation for the DDi = 1kg/m3 case. The 
viscous term was found to be much smaller than the other terms and for this reason is 
not shown in this figure. 
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Figure 5.14 - Longitudinal vorticity balance at xlDh = 48, DDi = 1 kg/m3. 
The advective term is shown in Figure 5.14a, normalised by (U I H V. As for the 
non-stratified case, this term is bigger near the corner and close to the side wall, 
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around 1 % of (u / H) 2 • At the central region, the advective term is equal to 0.4% of 
(U / H) 2, showing that the advection of vorticity is also significant in this region. As 
explained before, the advection of vorticity is a consequence of the secondary currents 
and if the secondary currents did not exist the advective term should be equal to zero. 
The regions in which the advective term is large correspond well with the regions of 
large gradient of the longitudinal vorticity and strong secondary currents (Figure 
5.12c-d). 
The anisotropy of turbulence is shown in Figure 5.14b. This term is much bigger than 
the advective term and is very important to the vorticity balance. The highest value, 
around 20% of (U / H) 2 , are found near the corner, which shows that the corner has a 
strong effect on the mechanisms of generation of the secondary currents. 
Figure 5.14c, shows the shear stress contribution to the vorticity balance. Although in 
the corner region this term is not as big as the normal stress term, both terms have the 
same order of magnitude near the bed and near the side wall, indicating that the shear 
stress also contributes to the vorticity balance. 
The contribution of stratification to the vorticity balance is shown in Figure 5.14d. As 
it can be seen from Equation 3.11, the only variable in this term is the lateral density 
gradient. Thus, vertical stratification itself has no direct effect on the secondary 
current generation. This term is very small at the centre line of the channel because of 
the symmetry of the flow. However, for the other regions, this term has the same 
order of magnitude of the shear stress term and therefore can not be neglected. 
Nevertheless, the normal stress term is still the most important parameter as a 
generation mechanism for secondary currents. 
The results obtained for the DDi = 3 kg/m3 case are presented in Figure 5.15. 
Figure 5.15a shows the advective term normalised by (U / H)2. It can be seen from 
this figure that this term is larger near the wall and represents around 1 % of (u / H) 2 • 
As stated before, this term should be equal to zero if no secondary currents exist. 
87 
The production of secondary currents caused by the anisotropy of turbulence 
( 02( w2 _v2 )/ oyoz ) is shown in Figure 5.15b. Once again, this term is larger near the 
corner, around 4% of (u 1 H)2. This behaviour emphasises the corner effect as a 
generation mechanism to secondary currents. 
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The shear stress term is shown in Figure 5.15c. This term is slightly smaller than the 
normal stress term, around 2% of (u 1 H y. But still it represents an important 
contribution to the generation of secondary currents. 
The contribution of stratification to secondary current generation is represented in 
Figure 5.15d. The magnitude of this term, around 4% of (u 1 H Y, is larger than that 
observed for the DDi = 1 kg/m3 case. In this case, the gravity term is as important as 
the normal and shear stress terms for the generation of secondary currents. This is 
because, as explained in section 5.3, the lateral density gradients, created due to wall-
generated turbulence and secondary flow, increase with the increase in DDi. 
The results for the DDi = 5 kg/m3 case are shown in Figure 5.16. As with the other 
cases, the advection of vorticity is stronger, near the corner and side wall (Figure 
5.16a), around 1 % of (U 1 H y. This result can be easily understood when this figure 
is analysed in conjunction with Figure 5.12(g-h), which shows the vorticity field and 
the secondary current vector plot, respectively. It is observed in Figure 5.12h that the 
secondary current is stronger near the side wall and the gradient of vorticity is also 
large in this region (Figure 5.12g). Therefore the highest values of the advective term 
occurs near the wall. 
The normal stress term is shown in Figure 5.16b. This term accounts for up to 12% of 
(UI HY, near the corner of the channel. The shear stress term (Figure 5.16c) is not 
as large as the normal stress term, for this stratification level, but it still contributes to 
the vorticity balance. The gravity term (Figure 5.16d) is larger than the other terms, 
and in this case is the dominant mechanism of secondary current generation. 
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Figure 5.16 - Longitudinal vorticity balance at xlDh = 48, DDi = 5 kglm3• 
5.5.3 Concluding remarks 
0.8 
0.8 
To obtain a fine grid of measurements would require a considerable amount of time 
and due to limitation of time for the use of the LDA system, the points where the data 
were collected are O.Olm apart. This space is short enough to obtain a clear picture of 
the flow but for the quantities that involve the derivative of the measured quantity, the 
differentiation process can induce some errors. For the homogeneous flow case, the 
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flow is well developed and the vorticity balance should be closed by the terms shown 
in Figure 5.13. The reason why the vorticity balance is not closed may be related to 
the differentiation process. However, it is still possible to evaluate the comparative 
importance of each term to the vorticity balance. 
For the non-stratified case (Figure 5.13), the results confirm the general knowledge 
that the secondary currents are generated by anisotropy of turbulence. In addition the 
shear stress also has an important effect on the mechanism of generation of secondary 
currents. However, as the stratification level increases (Figures 5.14 to 5.16), the 
gravity term becomes more and more important and for the DDi = 5 kg/m3 case, this 
term is the main contributor to the secondary current generation. 
In order to use a turbulent model to predict secondary flow patterns in stratified flows, 
the contribution of the lateral density gradients, which is represented by the gravity 
term of the vorticity equation, should be considered. 
5.6 Turbulence intensities and the turbulent kinetic energy 
When the flow is not turbulent, molecular diffusion is the main contributor to the 
mixing process. However, when the flow is turbulent, turbulent diffusion is much 
larger than the molecular diffusion. For this reason, turbulent intensities (directly 
associated with turbulent diffusion) are very important parameters when analysing the 
flow behaviour. 
Section 5.4 presented some video frames of the flow in the inlet region. Although a 
complete view of the turbulence behaviour could not be seen by this method, it was 
demonstrated that the wall-generated turbulence plays an important role in transport 
and mixing processes. 
In this section, the turbulent intensities are analysed, with special emphasis on wall 
generated turbulence. The non-stratified flow will be considered first and the effects 
of stratification will be discussed afterwards. The analysis will concentrate on 
section 3 (xl Dh = 48 ) where the flow is more developed. 
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5.6.1 Non-stratified flow 
Figure 5.17 shows the vertical distribution of turbulent intensities (u', v' and w') at the 
centre of the channel. It is clearly seen from the figure that the turbulent intensities are 
higher close to the bed and decreases towards the free surface. However, the positions 
of the minimum intensities are weII below the water surface, which coincides very 
weIl with the position of the maximum velocity (zIH=0.55). 
Figure 5.17 also shows that u'>v'>w' for the majority of the points. This tendency has 
been reported by many other researchers [e.g., Tominaga et aI., 1989; 
Shi et aI., 1999]. 
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Figure 5.17 - Turbulent intensity profiles at the centre line of the channel. 
According to Nezu and Nakagawa (1993), the decay of turbulent intensities in the 
intermediate region (0.1 < zIH < 0.6) can be predicted by semi-empirical expressions, 
which are independent of Reynolds and Froude numbers. Although not applicable to 
this work, due to the proximity of the waIls, these expressions are used as the starting 
point of the analysis. Figure 5.18 shows the comparison of the turbulent intensities at 
the centre of the channel with the semi-empirical expressions mentioned above. 
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If only the data in the intermediate region is considered (0.1 < zlH < 0.6), the 
following equations give the best fit to the data: 
u'/u*=2.08exp(-z/ H) 
v' / u* = 1.7gexp(-z / H) 
w' / u* = 1.54 exp( -z / H) 
(5.1) 
(5.2) 
(5.3) 
The first two equations are not so different from the expressions proposed by Nezu 
and Nakagawa (1993), whose coefficients were 2.30 and 1.63, respectively. However, 
the coefficient in the last expression is larger than the coefficient proposed in the 
previous work, in which the coefficient was equal to 1.27. This behaviour suggests 
that the vertical fluctuations at the centre line of the channel are magnified by the 
presence of the wall. 
1.0 1.0 1.0 
0.9 0.9 0.9 
0.8 0.8 0.8 
0.7 0.7 0.7 
0.6 0.6 0.6 
:I: ~ 0.5 :I: ~ 0.5 ~ 0.5 
0.4 0.4 0.4 
0.3 0.3 0.3 
0.2 0.2 0.2 
0.1 0.1 0.1 
0.0 0.0 0.0 
0 2 3 0 2 3 0 2 3 
u'/u* v'/u* w'/u* 
Figure 5.18 - Comparison of turbulent intensities at centre of the channel with the 
expressions presented by Nezu and Nakagawa (1993). 
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From Equations (5.1) to (5.3), one can also obtain: 
v'/u'=O.86 and w'/u'=O.74 (5.4) 
confinning that u'>v'>w' for the intermediate region. The increase in the vertical 
fluctuations, when compared to the expressions proposed by Nezu and Nakagawa 
(1993), which gives v'/u'=O.71 and w'/u'=O.55, is mainly attributed to the small 
aspect ratio of the channel (BIH=l). 
In the surface region (zIH>O.6), the turbulent intensities tend to increase again. As 
reported by Nezu and Nakagawa (1993), the behaviour of turbulence near to the free 
surface is controlled by the Froude number (Fr). For flow approaching the critical 
condition, Fr~l, Nezu (1977) found that the turbulent intensities near the free surface 
are greater than those indicated by the semi-empirical expressions mentioned above. 
This behaviour was attributed to the effect of surface waves on turbulence. However, 
for the case under consideration, Fr=O.25 and surface waves do not occur because the 
surface tension is large enough to prevent them. Therefore, the increase in the 
turbulent intensities has to be attributed to other phenomena. 
As stated by Hinze (1975), according to Taylor and Von Karman's definition of 
turbulence, "turbulence can be generated by friction forces at fixed walls or by the 
flow of layers of fluids with different velocities past or over one another". Thus, the 
increase in the turbulent intensities in the surface region of a narrow channel can be 
explained by the own definition of turbulence. As reported previously, the position of 
the minimum turbulent intensities coincide very well with the position of the 
maximum velocity. Above this position, the turbulent intensities tend to increase 
again. This is because the friction forces (i.e., shear forces) also increases above this 
position, due to the negative gradients of the longitudinal velocity being created by 
the velocity dip. 
A general view of the turbulent intensity field can be given by turbulent kinetic 
energy (TKE). Figure 5.19 shows the TKE profile at the centre of the channel 
together with the semi-empirical expression proposed by Nezu and Nakagawa (1993). 
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For the intermediate region, the measured profile is within 8% of the value given by 
the Nezu and Nakagawa's expression. As shown in Figure 5.18, although w' has 
increased due to the small aspect ratio, u' has decreased in this region and TKE seems 
to be conserved. 
It can be concluded from the above considerations that the turbulence field at the 
centre of the channel in the intermediate region (0.1 < zIH < 0.6) is similar to the 
turbulence field in a wide channel (2D flow) to which the Nezu and Nakagawa's 
expressions apply. However, the constants in the expressions have to be corrected to 
take into account the effects of the aspect ratio of the channel. 
It is also shown in Figure 5.19 that the position of minimum TKE coincides with the 
position of maximum velocity. Above this position, TKE increases towards the water 
surface. This behaviour is because the velocity dip occurs due to the small aspect ratio 
and with the increase in the friction forces above the position of maximum velocity, 
the turbulent intensities start to increase again towards the water surface . 
• 
0.9 
• 
0.8 
• 
0.7 
• 
0.6 
~ 0.5 
• 
0.4 
0.3 
0.2 
0.1 
0 
0.0 1.0 
• 
2.0 
• 
3.0 
klu· 2 
• 
• 
4.0 5.0 6.0 
Figure 5.19 - Comparison of TKE profile at centre of the channel with the 
semi-empirical expression of Nezu and Nakagawa (1993). 
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5.6.1.1 The wall effect 
Figure 5.20 shows the turbulent intensity profiles at different depths as a function of 
the lateral distance from the wall. In the lower part of the channel (zlH=0.05), the 
transverse (v') and vertical (w' ) turbulent intensities do not vary much. This is 
because it is very close to the bottom and the contribution of the wall generated 
turbulence is negligible compared with the contribution of the bed generated 
turbulence. However, the turbulent intensity in the longitudinal direction do not 
follow the same trend. 
Figure 5.20 shows that for zlH=0.15, the distributions of v' and w' are similar to those 
at zIH=0.05 but the magnitudes are slightly smaller. It is because, as the distance from 
the bed of the channel increases, the turbulence originated at the bed is dissipated and 
the turbulent intensities tend to decrease. 
For the lower part of the channel (zIH ~ 0.5), u' decreases from the centre of the 
channel (y/B=O.S) towards the corner bisector (y/B = zIH, indicated by the grey 
dashed line in Figure 5.20) and after that, it increases again towards the wall. It shows 
that the corner bisector has a strong influence on the turbulent intensities because it is 
on the corner bisector that the turbulence generated on the bed of the channel 
intercepts the wall-generated turbulence. For this reason, there is a redistribution of 
turbulence in the three directions of the flow, which results in the decrease of u' 
towards the corner. 
For zIH ~ 0.5, the turbulent intensities are higher near the wall. It is because the 
turbulence originated in the bed of the channel is dissipating and the side wall 
becomes the main generation source of turbulence. 
These results confirm the findings obtained by flow visualisation (Section 5.4), which 
show that the wall-generated turbulence plays an important role on the vertical mixing 
process. The presence of the side wall affects not only the vertical mixing but also the 
transverse and longitudinal mixing. 
96 
,. 
'5 
'.0 2====== .0 .. .. ~ 
-------
:i2 
'3 '5 
1.0 1.0 
li:S ., E,Q ~: 
05 8:£ os v' 
z/H =0.05 zIH=O.15 
00 00 
0.1 O. O' 0.' 0.' 0.8 0.1 0.' O' O. 05 00 
ylB ylB 
'.5 .. 
to ~O 
.. ~ ;:; i :-- : 15 ~===: '" : '" : ,... ,... '3 '5 
1.0 1.0 
~:S t:£: 
OS ~:~ OS 3] 
'.0 
z/H.O.25 lIH .. O.35 
0.0 0.0 
0.1 02 0.' O. 0.5 0.0 0,1 O. 0.' 0.' 0.' 0.0 
y/B y/B 
.. .. 
to '0 
.. 15 
" 
,... '" ,... 
'3 '5 
1.0 1.0 
~:~ 
OS l¥ 0.5 ':g 
zIH = 0.45 zIH .0.55 
0.0 0.0 
0.1 02 O. 0.' 0.5 0.0 0.1 02 ... O. 0.' 0.0 
ylB y/B 
.. .. 
to '.0 
.. 15 
~ :i2 
'3 '3 
1.0 1.0 
OS 0.5 
zIH=D.65 zIH .. 0.75 
0.0 0.0 
0.1 02 0.' 0.' 0.' 0.0 0 0.1 0.' 03 0.' 0.5 00 
ylB ylB 
.. .. 
Z.D •• ~ .. 15 '" ~ ,... '3 '5 1.0 1.0 
OS OS 
zIH =0.85 zJH= 0.95 
00 0 .• 
0 0.1 D. 0.' O' 0.5 0.0 0.1 0.' 0.' 0.' 0.5 0.0 
y/B y/B 
Figure 5.20 - Turbulent intensity profiles at different vertical positions. 
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In the whole area u'>v'>w', except for some depths which shows u'>w'>v' near the 
wall. The occurrence of w'>v' near the wall are not surprising, because the 
mechanisms involved in the turbulence generation are the same for the wall and the 
bed of the channel. The turbulence generated in the bed of the channel has the 
smallest component perpendicular to the channel bed. Therefore, in the places that the 
wall is the main generation source of turbulence, the smallest component must be 
perpendicular to the wall, hence w'>v' . 
A general view of the contribution of the wall to turbulence production is given by the 
TKE profiles in Figure 5.21. In order to see each profile clearly, avoiding overlap in 
the figure, a linear function of vertical position was added to the TKE value. 
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Figure 5.21 - Turbulent kinetic energy profiles at different vertical positions. 
Figure 5.21 shows that the turbulent kinetic energy (k) decreases from the centre of 
the channel to the corner bisector (ylB = zIH). After that, k increases again towards 
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the wall. This behaviour was already observed for u' and is related to the interaction 
of the bed generated turbulence with the wall generated turbulence in the corner of the 
channel. For zIH ;?: 0.5, k decreases continuously from the wall towards the centre of 
the channel. This is because part of the turbulence generated in the bed of the channel 
has already dissipated and the wall is now the main generation source of turbulent 
kinetic energy. 
5.6.2 Stratification effects on Turbulent intensities and TKE 
The turbulent intensities for the non-stratified flow case were analysed in the previous 
section. In this section, the stratification effects on turbulent intensities and turbulent 
kinetic energy are described. 
Figure 5.22 shows the turbulent intensity profiles for different stratification levels. To 
avoid overlapping of profiles in the figure, the turbulent intensities were plotted 
separately for each stratification level. The semi-empirical expressions proposed by 
Nezu and Nakagawa (1993) were also plotted as reference. 
The profiles of the three components of the turbulent intensity (u' , v' and w') are very 
similar and for this reason, unless specified otherwise, the term turbulent intensity will 
be applied in a general way referring to any component. 
In the previous section, the position of minimum turbulence intensity for the non-
stratified flow case was found to be the same for the three components. The position 
of minimum turbulence intensity was also found to coincide very well with the 
position of maximum velocity, which is not on the water surface. 
Figure 5.22 shows that with the increase in DDi, the position of minimum turbulent 
intensity moves upwards. Nevertheless, it still coincides with the position of 
maximum velocity, represented here by the black dots. This is because the increase in 
the turbulent intensity, in the water surface region, is related to the velocity dip and 
the position of maximum velocity is also dictated by the velocity dip. As shown in 
section 5.2.1, when DDi increases, the position of maximum velocity moves upwards 
99 
and the region of strong shear becomes smaller and closer to the water surface, 
moving the position of minimum turbulent intensity also upwards. 
Figure 5.22 also shows that in the water surface region (above the position of 
maximum velocity) the magnitude of the turbulent intensities decreases with the 
increase in DDi, bringing the measured profiles closer to the profiles proposed by 
Nezu and Nakagawa (1993). This is because the dip in the longitudinal velocity is not 
so strong and for this reason the shear forces responsible for the increase in the 
turbulent intensities above the position of the maximum velocity are reduced. This 
behaviour causes the measured profiles to approach the semi-empirical expressions. 
In the intermediate region (0. 1 <zIH<0.6) , the value of u' for the non-stratified case is 
smaller than the value given by Nezu and Nakagawa's expression and for this reason, 
the higher DDi the bigger the differences between the measured value and the value 
obtained by the expressions. VI and w' also decrease with the increase in DDi in the 
intermediate layer. However, since for the non-stratified case the measured value is 
bigger than the value given by the semi-empirical expression, the higher DDi the 
smaller the differences between the expression and the measured profile. For the 
intermediate region in general, it can be seen from Figure 5.22 that the higher DDi the 
smaller the turbulence intensities. 
The turbulent kinetic energy profiles for the different stratification levels at the centre 
of the channel are presented in Figure 5.23. It is clear from this figure that the location 
of the minimum TKE coincides with the position of the maximum velocity, for all the 
considered stratification levels. Above the position of the maximum velocity, TKE 
increases again due to the shear force induced by the velocity dip. As the stratification 
level increases, TKE decreases in this region, which agrees with the decrease in the 
velocity gradients, as shown in Figure 5.07. Below the position of the maximum 
velocity, TKE tends to decrease again with the increase in the stratification level. As a 
whole, TKE decreases with the increase in stratification. This result is not surprising 
since when denser fluid is moved upward by turbulent motion, part of the kinetic 
energy is transformed into potential energy. 
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Figure 5.22 - Turbulent intensity for different stratification levels - DDi = 0, 1, 3 
and 5 kglm3, respectively. Stratification level increases from left to 
right. The black dot indicates the position of maximum velocity. 
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5.6.2.1 The wall effect 
In order to explain the effect of stratification on the turbulent intensities and turbulent 
kinetic energy when approaching the wall, the results obtained for the non-stratified 
and DDi = 5kg/m3 cases are presented in Figures 5.24 to 5.26. The values of TKE 
follow a similar trend for the other two intermediate stratification levels 
(DDi = 1 and 3 kg/m3) and for this reason they are not presented in the figures so that 
the effect of stratification can be easily observed. 
Figure 5.24 shows the longitudinal turbulent intensity (u') profiles for the 
non-stratified and DDi = 5kg/m3 cases at selected locations in the bed, centre and 
surface regions. Close to the bed (at z/H=0.05), it shows an increase in u' with the 
increase in the stratification level, mainly near the wall. In the previous section it was 
shown that the corner bisector has a strong effect on u', and the value of u' decreases 
as the corner bisector is approached. With the increase in stratification, the corner 
effect is not so strong and the decay of the u' is not so fast. For this reason, u' is 
higher for the stratified flow case than for the non-stratified flow case. 
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Close to the free surface, at z/H=0.95, the difference between the non-stratified and 
DDi = 5kg/m3 flow cases becomes bigger. This behaviour is explained by the 
longitudinal velocity distribution (Figure 5.07), which shows that the velocity 
gradients for the non-stratified flow case are higher close to the water surface creating 
more turbulence than for the stratified flow case. 
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Figure 5.24 - Turbulent intensity profiles at specific depths, u'/u *. 
-+- Non-stratified, --0--. DDi = 5 kg/m3. 
The lateral turbulent intensity ( v') profiles for the non-stratified flow case and for the 
DDi = 5kg/m3 at the locations mentioned above are presented in Figure 5.25. The 
profiles are very similar to the longitudinal turbulent intensity profiles, except for 
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zIH = 0.05. The values of v' for the stratified flow is smaller than those for the non-
stratified flow in almost every region of the flow. 
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Figure 5.26 shows the vertical turbulent intensity profiles at the same locations for the 
non-stratified flow and DDi = 5kg/m3 cases. It can be seen from this figure that the 
differences in w' for the stratified and non-stratified cases are larger in the centre line. 
This behaviour is explained by Figure 5.9, which shows that the density gradients in 
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the centre of the channel are higher than the density gradients near the wall, damping 
the velocity fluctuations more at the centre line. 
In general, w' is smaller for the stratified flow case than for the non-stratified flow 
case. This behaviour confirms the qualitative results obtained by flow visualisation 
that stratification inhibits the vertical turbulent mixing. 
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The TKE profiles are also presented in Figure 5.27. It is clear from this figure that not 
only vertical turbulent intensity is damped by the stratification but also the overall 
turbulent kinetic energy as well. As explained before, this result is not surprising since 
when denser fluid is moved upward by turbulent motion, part of the kinetic energy is 
transformed into potential energy, decreasing the available turbulent kinetic energy. 
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5.6.3 Concluding remarks 
The results presented in this section confinn the results obtained by flow visualisation 
(Section 5.4) that stratification decreases the vertical turbulent mixing. 
The position of the minimum TKE does not occur in the water surface but well below 
it and coincides very well with the position of the maximum velocity. 
It was also found that the increase in the turbulent intensities close to the water 
surface is related to the velocity dip caused by the secondary currents. 
The corner bisector has a strong influence on the longitudinal component of the 
turbulent intensity. However, this influence is reduced by stratification. 
Due to turbulent motion, when a denser fluid is moved upwards, part of the kinetic 
energy is transformed into potential energy, decreasing the available turbulent kinetic 
energy. For this reason, not only w' is damped by the stratification but also the overall 
turbulent kinetic energy as well. 
5.7 Turbulent density intensity 
In Section 5.6 the turbulent velocity intensities caused by the velocity fluctuations 
were presented and its importance to the mixing process was discussed. In stratified 
flows, the fluctuation of velocity interacts with the density gradients producing 
density fluctuations. The magnitude of the density fluctuations is expressed as the 
r.m.s. of density fluctuations, named turbulent density intensity (p'). The results 
obtained for the different stratification levels considered in this work are presented in 
this section. 
Figure 5.28 shows the distribution of turbulent density intensity for the different 
stratification levels at section 3 ( xl Dh = 48). In order to explain the behaviour of the 
turbulent density intensity, the corresponding density distributions were also included. 
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Figure 5.28 - Turbulent density intensity and density distributions at section 3, 
x/Dh= 48. 
108 
Figure 5.28a shows the turbulent density intensity (p') distribution normalised by the 
density difference at the inlet of the open channel (DDi ) for the DDi = 1 kg/m3 case. 
The shadowed area shows the region where the values of p'l DDi are large. When 
compared with Figure 5.28b, it is seen that this area represents the region of large 
density gradients either in the vertical or in the lateral direction. This is because 
density is a scalar quantity, and for this reason, the velocity fluctuations in the three 
flow directions affect its value. Therefore, the lateral and longitudinal density 
gradients are as important as the vertical one in terms of contribution to the value of 
p'/DDi. 
The p'l DDi distribution for the DDi = 3 kg/m3 case is shown in Figure 5.28c. The 
area of large p'l DDi also occurs near the side wall. This event occurs because, the 
density gradients, either on vertical or lateral direction, are large in this region (Figure 
5.28d) and the velocity fluctuations are also large near the wall (Figures 5.24 to 5.26). 
For the DDi = 5 kg/m3 case, although the values of p'l DDi near the wall are not so 
small when compared with the previous cases (DDi = 1 and 3 kg/m\ the region of 
larger p'/DDi is not near the wall (Figure 5.28e). This is because the lateral density 
gradients in the wall region are small and only the vertical velocity fluctuations are 
contributing to the density fluctuations. In the shadowed area, not only the vertical 
density gradients are large but also a lateral density gradient exist (Figure 5.28f) and 
both the vertical and lateral velocity fluctuations are contributing to the increase of 
p'l DDi, causing the value of p'l DDi to be large in this region. 
s.s Reynolds shear stress 
The Reynolds shear stress is an important parameter in turbulent flows because not 
only it is in this form that turbulence is taken into account by the equations governing 
the flow but it also represents the transfer of turbulent momentum that occurs in a 
certain location to the surrounding fluid. The Reynolds shear stress distributions for 
the stratified and non-stratified flow cases are analysed in this section. 
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5.8.1 The vertical transfer oflongitudinal momentum 
The distribution of - p uw for the non-stratified case at xlDh = 48 is presented in 
Figure 5.29 together with the longitudinal velocity distribution. Close to the bed of the 
channel, the nonnalised shear stress is equal to 1.0, indicating that the bed shear stress 
is slightly higher than p u *2 • It is also clear from this figure that the wall has a strong 
influence on the shear distribution and, in general, the closer the wall the smaller the 
value of the turbulent shear stress. 
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Figure 5.29 - Shear stress and velocity distribution at section 3, xl Dh = 48. 
It can be seen in Figure 5.29a that the positions of zero-shear stress correspond to the 
positions of zero-gradient of velocity (Figure 5.29b). At mid-depth, close to the wall, 
there is a negative shear stress region. This is because, although it is not so clear in the 
figure, a small negative vertical gradient of the longitudinal velocity exists in this 
region, which is caused by the secondary flow currents. A much larger region of 
negative shear stress is seen near the water surface and this is caused by the velocity 
dip, which creates negative gradients of velocity in the vertical direction. 
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1 
From the above considerations, it can be said that the channel bed is an important 
source of turbulence generation. However, turbulence is not only observed in the bed 
region but also in other parts of the flow domain. This is because the turbulent 
momentum created on the bed of the channel (p u) is transferred to the rest of the 
flow by the fluctuating velocity (w). Therefore, - p uw represents the transfer of 
longitudinal momentum in the vertical direction. 
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Figure 5.30 - Shear stress distribution, - p uw I P u * 2 , at xlDh = 48 . 
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The shear stress distributions for all the stratification levels considered are presented 
in Figure 5.30. The shear stress distribution for the non-stratified case is shown in 
Figure 5.30a for reference. 
As the stratification level increases, the regions of negative shear stress become 
smaller. This behaviour is explained by the longitudinal velocity distribution profiles 
(Figure 5.7) in which the regions of negative velocity gradients become smaller as the 
stratification level increases. 
It is also seen in Figure 5.30 that when DDi increases, the shear stress contour lines 
become closer to each other in the lower part of the channel. This indicates that, as the 
stratification increases, the decay of the shear stress with the depth is faster in this 
region. 
For the higher stratification levels (DDi = 3 and 5 kglm3, respectively), the shear 
stress reaches a value of - puw/ P u *2 = 0.4 just above z/H=0.6 [Figure 5.30(c-d)]. 
The increase in the turbulent shear in this region matches the increase in the velocity 
gradients (Figure 5.7) caused by the stratification. 
In order to visualise the effects of stratification on the shear stress, the - p uw / P u * 2 
profile at the centre of the channel were plotted for the different stratification levels 
(Figure 5.31). 
Figure 5.31 shows how - P uw / P u * 2 is affected by the longitudinal velocity 
distribution. The maximum shear is observed near the bed of the channel where the 
gradients of the longitudinal velocity are higher. The shear stress decreases in the 
vertical direction and is equal to zero at the position of maximum velocity, where the 
velocity gradient is zero. Above this position, it becomes negative due to the negative 
velocity gradients caused by the velocity dip. 
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Figure 5.31 - Shear stress, - puwl pu *2, for different stratification levels 
DDi = 0, 1,3 and 5 kg/m3, respectively. Stratification level increases 
from left to right. The black dot indicates the position of maximum 
velocity. 
It can also be seen in Figure 5.31 that below the position of maximum velocity, the 
higher the stratification level the faster the decay of - p uw I P u * 2. Above the 
position of maximum velocity, the absolute value of - p uw I P u * 2 decreases with 
stratification. The decrease in 1- p uw I P u * 21 above the position of the maximum 
velocity is caused by the decrease in the velocity gradients due to stratification. 
5.8.2 The lateral transfer oflongitudinal momentum 
The lateral transfer of longitudinal momentum is given by the term - p uv of the 
Reynolds stress tensor. The distributions of - p uv for the different stratification 
levels are given in Figure 5.32. 
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Figure 5.32 - Shear stress distribution, - p uv I P u * 2 , at xlDh = 48 . 
Figure 5.32a shows the - p uv distribution for the non-stratified case, normalised by 
p u *2. Near the wall, the values are close to 1.0, which indicates that the contribution 
of the wall generated turbulence to the lateral component of the Reynolds stress is 
similar to the contribution of the bed generated turbulence to the vertical component. 
- 2 
- P uv I p u * decreases gradually from the wall towards the centre of the channel. 
However, the decay is faster near the water surface and near the bottom of the 
channel. This is because - p uv I P u * 2 is directly related to the lateral gradients of 
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velocity (au / ay) and au / a y decays faster in the bed region and in the water 
surface region than in the mid-depth (Figure 5.7a). 
The effect of stratification on - p uv can also be seen in Figure 5.32. The value of 
- p uv is more intensively affected by stratification in the region below the corner 
bisector. For higher stratification levels it becomes negative, which agrees with the 
stronger bulging of the velocity contours in this region, causing the velocity gradients 
in the lateral direction to become negative. The shear stress is also affected by 
stratification in the water surface region. However, the differences in this region are 
not so pronounced. 
It was shown in Section 5.2 that stratification has a strong effect on the velocity 
distribution. The shear stress is controlled by the velocity gradients and, for this 
reason, is also affected by stratification (Figures 5.30 and 5.32). 
For a narrow channel, the side wall is an important source of turbulence generation 
and turbulent momentum (p u) originated in the wall region is transferred to the 
adjacent areas of the flow domain by the fluctuating velocity (v) contributing to the 
mixing process. 
5.8.3 The vertical transfer oflateral momentum 
The vertical transfer of lateral momentum is given by - P vw. The Reynolds stress is 
a symmetrical tensor and, for this reason, - p vw can also be used to represent the 
lateral transfer of vertical momentum (i.e., - p vw = - p wv). This component of the 
Reynolds stress is shown in Figure 5.33, normalised by p u *2. Only the results for 
the non-stratified and DDi = 5 kg/m3 flow cases are presented. 
The results for the non-stratified case are presented in Figure 5.33a. This figure shows 
that this component of the shear stress (- p vw) is one order of magnitude smaller 
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than the other components ( - p uw and - p uv), except for a small region near the 
water surface, at the centre of the channel, where all the three components of the shear 
stress are small. 
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It can be also seen from Figure 5.33 that the region of negative shear has decreased 
with the increase in the stratification level. This is because, as shown in section 5.2, 
the secondary flow currents are affected by stratification and this component of the 
shear stress is dependent upon the gradient of the secondary velocities. 
5.8.4 Concluding remarks 
The Reynolds shear stress is one of the most important parameters when discussing a 
stratified flow. Not only it is in this form that turbulence is taken into account by the 
equations governing the flow, but also it represents the transfer of turbulent 
momentum that occurs in a certain location to the surrounding fluid. 
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From the above considerations, it can be said that - P uv is the dominant term near 
the wall (Figure 5.32a), whereas - P uw is more important near the bed of the 
channel (Figure 5.30a). The third component of the shear stress - P vw is very small, 
when compared to the other components of the shear stress. 
It was also found that stratification affects the Reynolds shear stress. The influence of 
stratification on the Reynolds shear stress is manifested either directly by damping the 
vertical exchange of momentum or indirectly by interacting with the secondary flow 
and affecting the velocity gradients that are the source mechanism for turbulence 
production. 
5.9 Reynolds flux 
In this section the Reynolds flux, which represents the transfer of mass due to the 
turbulent motion, is analysed. The Reynolds flux takes the following form on the 
solute transport equation: 
(5.5) 
The first term on the right hand side of Equation 5.5 is much smaller than the other 
terms and usually is neglected. However, in order to understand the importance of the 
other two components of the Reynolds flux to the mixing process, the distribution of 
these terms are analysed below. 
To illustrate the influence of the density gradient on Reynolds flux, a sketch of the 
fluctuations of the vertical velocity on a stratified fluid is shown in Figure 5.34. 
Figure 5.34 shows that, due to the density gradient (P2 - PI)' a positive fluctuation of 
the vertical velocity carries denser fluid (PI) upward into the region of the less dense 
fluid (P2) and, with mixing, the density increases at the position under consideration 
(Figure 5.34a). Likewise, a negative fluctuation of the vertical velocity carries less 
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dense fluid (P2) downwards into the region of the denser fluid (PI), and with mixing, 
the density decreases at the considered point (Figure 5.34b). Both situations lead to 
positive values of wc. Therefore the vertical flux of mass ( wc) can be related with 
the density gradient by wc = -£ dp/dZ (the proportionality constant £ is the eddy 
s s 
diffusivity coefficient). 
Figure 5.34 - Effect of vertical velocity fluctuation on Reynolds flux. 
Figure 5.35 shows the vertical component of the Reynolds flux ( wc) together with 
the density distribution for the DDi = 1,3 and 5 kglm3 flow cases, respectively. The 
values of wc are normalised by (u * DDi) to provide a better base for comparison. 
The wc distribution for the DDi = 1 kglm3 case is shown in Figure 5.35a. The value 
of wc is larger at mid-depth near the wall and also at the centre line for Z I H :::: 0.25. 
These regions are associated with large vertical density gradient regions 
(Figure 5.35b). 
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The wc distribution for the DDi = 3 kglm3 case is shown in Figure 5.35b. For this 
stratification level, the maximum value of wc occurs at mid-depth near the wall. The 
other maximum that occurred in the previous case at the centre line around 
z I H = 0.25 is not observed in this case. This is because vertical density gradients are 
smaller in this region when compared to the gradients near the wall. The maximum 
value of wc is also twice the value observed for the DDi = 1 kglm3 case. This 
behaviour can be explained by comparing Figure 5.35d with Figure 5.35b. The 
vertical density gradient is larger for the DDi = 3 kglm3 case than for the 
DDi = 1 kglm3 case. Therefore, the flux of mass is also larger for the highest 
stratification level (assuming that the decrease in w' due to stratification is smaller 
than the increase in the vertical density gradient). 
Figure 5.35e shows the wc distribution for the DDi = 5 kglm3 case. The maximum 
value of wc is also located at mid-depth, near the wall and is almost the same as the 
value observed for the DDi = 3 kglm3 case. This is because, as shown in Figure 5.35f, 
the vertical density gradient for the DDi = 5 kglm3 case is almost the same as the 
vertical density gradient for the DDi = 3 kglm3 case. 
The lateral component of the Reynolds flux ( vc) is shown in Figure 5.36, together 
with the density distribution. Figure 5.36a shows the vc distribution for the 
DDi = 1 kglm3 case. It can be seen from this figure that the lateral flux of mass is 
small in comparison to the vertical flux of mass (Figure 5.35a). The maximum value 
of vc is only half of the maximum value of wc . The values of vc are larger in the 
top part of the channel from the wall up to y I B <= 0.3 because the lateral density 
gradients are also large in this region (Figure 5.36b). 
For the DDi = 3 kglm3 case, the vc distribution is shown in Figure 5.36c. The largest 
values of vc are located in the lower part of the channel near the wall, and on the top 
part of the channel, near the water surface between y I B <= 0.15 and y I B <= 0.35. As 
it can be seen from Figure 5.36d, the lateral density gradients are also large in these 
regions, which results in a large lateral flux of mass ( vc ). 
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Figure 5.36 - Reynolds flux (vc) and density distributions at section 3, 
xlDh= 48. 
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Figure 5.36e shows the vc distribution for the DDi = 5 kg/m3 case. The locations of 
large v c values are not so different from the previous case (DDi = 3 kg/m\ 
However, the magnitude is slightly higher. An interesting feature displayed in this 
figure is the zones of negative vc . This feature is observed in the zones where lateral 
density gradients are positive, which leads to a negative flux of mass (i.e., towards the 
wall). Although, at first glance the lateral density gradient appears to be negative for 
the whole flow domain, it is seen from Figure 5.36f that the 2.0 contour line is slightly 
inclined upwards, from the wall to the centre of the channel, resulting in a positive 
lateral density gradient. Also in the lower part of the channel there are 3 contour line 
with the same value (3.5), indicating that zones of positive lateral density gradients 
exist in this region. 
In summary, the Reynolds flux is proportional to the density gradient. Since the 
density gradient is affected by secondary current, it can be concluded that secondary 
current also affects the Reynolds flux distribution. 
5.10 Stratification effects on Reynolds stress and flux - the exchange coefficients 
On the previous section the effect of stratification on the Reynolds stress and flux was 
analysed using the measurements carried out for different values of DDi. In this 
section, the applicability of exchange coefficients to predict the Reynolds stress and 
flux is investigated. The behaviour of the flux Richardson number and the turbulent 
Schmidt number, which are important parameters in stratified flows, are also 
investigated in this section. 
5.10.1 Reynolds stress 
As shown in section 2.4.5, two distinct approaches can be used to predict the 
Reynolds stress (i.e., the mixing length and the eddy viscosity concepts). The eddy 
viscosity concept reads: 
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(5.6) 
Although the mixing length approach is based on different hypothesis, if the eddy 
viscosity is known, the mixing length can be obtained by: 
(5.7) 
Therefore, special emphasis will be given to the eddy viscosity approach. 
For 2-Dimensional homogeneous flow, the eddy viscosity coefficient can be obtained 
by the following expression: 
C mO = K U * z (1 - z I H) (5.8) 
As reported by West et al. (1985), this function was developed for flows in which the 
velocity profile is logarithmic and the shear stress decreases linearly from the bed of 
the channel to the water surface. 
These above requirements are easily fulfilled in 2D flows (wide channels) but for 
narrow channels, there are two important factors that change this scenario. The first 
factor is the proximity of the walls. In this case the velocity profile is no longer 
logarithmic, hence Equation (5.8) does not apply. And the second factor is that the 
shear stress does not decrease linearly from the bed of the channel to the water 
surface, due to the velocity dip, which also invalidates Equation (5.8). 
Although further research is necessary in order to incorporate the effects of the wall 
and the velocity dip in the above formulation, the above theory was applied in this 
study to predict the Reynolds stress below the position of maximum velocity at the 
centre of the channel. 
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The data shows that at the centre of the channel, below the position of maximum 
velocity, the velocity has a logarithmic profile (Figure 5.37a) and the Reynolds shear 
stress shows a quadratic decay, instead of a linear decay as usually observed in 2D 
flows (Figure 5.37b). 
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Figure 5.37. Velocity and shear stress profiles below the position of maximum 
velocity. 
Attention is called to the fact that in this section the value of shear velocity (u*) was 
obtained by fitting a logarithmic velocity profile to the measured data. On the 
previous sections, the value of u* used to normalise the data was obtained by 
u* = ~ g Rh So ,where g is the gravitational constant, Rh is the Hydraulic radius and So 
is the energy slope. 
Assuming a logarithmic velocity distribution and a linear decay of the Reynolds shear 
stress from the bed to the position of maximum velocity, Equation (5.8) becomes: 
(5.9) 
where bv is the position of maximum velocity. 
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However, assuming the logarithmic velocity distribution and the quadratic decay of 
the Reynolds stress from the bed to the position of maximum velocity, Equation (5.8) 
becomes: 
(5.10) 
Figure 5.38 shows the measured values of the eddy viscosity coefficient together with 
the values predicted using both formulations. The measured profile is in good 
agreement with the profile predicted using the quadratic decay expression. However, 
the value of the eddy viscosity coefficient is over-predicted by the linear decay 
expression, for z/hv < 0.5. This is because, as shown in Figure 5.37b, the normalised 
Reynolds stress is smaller than unit at the bed of the channel and the decay with depth 
occurs not linearly but to the second power. By using the linear decay expression the 
value of the Reynolds stress is over-predict in up to 60% near the bed of the channel 
(See Figure 5.37b). 
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Using the above formulation (Equation 5.10), the eddy viscosity coefficient for 
homogeneous flow condition can be predicted. For stratified flows, the eddy viscosity 
coefficient is obtained through the application of a damping function to the above 
formulation. The damping function for eddy viscosity is shown in Figure 5.39 
together with other expressions proposed in the literature. 
The damping function proposed by Munk and Anderson (1948) for eddy viscosity is 
the most used function in the literature and for this reason is used here as reference. 
Figure 5.39 shows that the Munk and Anderson's formulation over predicts the value 
of the exchange coefficient. The tendency line of the data obtained by the Delft 
Hydraulics Laboratory (DHL) group is also shown as reference (after Shiono, 1981). 
It is clear that the tendency observed in this work does not agree with the tendency 
displayed by the DHL group. Several other expressions are proposed in the literature 
to account for the damping effects on the eddy viscosity coefficient due to 
stratification (see Shiono, 1981). But it is clear, from the variety of expressions 
proposed, that the exchange coefficients do not depend only on stratification 
(represented here by the gradient Richardson number). Other factors, like for instance 
secondary currents, also affect the value of this coefficient. For the narrow channel 
considered here (BIH=1), the following function gives the best fit to the data: 
£ ml £ mO = (1 + 450Rito.25 (5.11) 
The above equation has the same limitations as Munk and Anderson's equation. The 
only difference is that the rate of decrease of £ m I £ mO with stratification is larger for 
narrow channel flows than the predicted by Munk and Anderson's formulation. This 
phenomenon occurs because the Reynolds stress distribution and also the velocity 
gradients (i.e., the parameters related to the exchange of momentum) are more 
affected by stratification in narrow channel flows, due to the occurrence of the 
velocity dip. 
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Figure 5.39 - Exchange coefficient for eddy viscosity 
Some researchers and engineers prefer to use the mixing length approach instead of 
the eddy viscosity approach. As explained before, knowing the eddy viscosity, the 
mixing length coefficient can be obtained by applying equation (5.7). However, the 
comparison of the formulation proposed for the exchange coefficients for mixing 
length and eddy viscosity is not straightforward. 
The relation between the exchange coefficient for mixing length and eddy viscosity is 
obtained by the ratio between the value of the eddy viscosity coefficient obtained by 
Equation (5.7) for the homogeneous and stratified flow conditions (Equation 5.12). 
(5.12) 
For narrow channel flows, the velocity gradients under homogeneous and stratified 
flow condition are not the same. Therefore they need to be known in order to compare 
both formulations. For this reason, the value of the exchange coefficient for mixing 
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length was calculated from the measured data and is shown in Figure 5.40, together 
with other formulations proposed in the literature. 
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Figure 5.40 - Exchange coefficient for mixing length 
The behaviour of the exchange coefficient for mixing length is similar to the 
behaviour of the exchange coefficient for eddy viscosity, which presents a fast decay 
for Ri < 0.1 and a slow decay for Ri >0.1. But in contrast to Munk and Anderson's 
formulation, the damping functions proposed by Odd and Rodger (1978) and West 
and Shiono (1985) under-predict the value of the exchange coefficient. 
It is worth mentioning that the proposed formulations were derived from different 
flow conditions and it seems that this coefficient is affected by other flow parameters 
like for instance secondary flow. Secondary flow changes the flow structure and 
consequently affects the exchange of momentum and solute. Therefore, the 
formulation proposed herein applies to channels with aspect ratio (BIH) of 1.0. 
Further studies are necessary to investigate the exchange of momentum and solute for 
different aspect ratios. 
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To show the importance of using the appropriate formulation in order to predict the 
flow behaviour, the Reynolds stress was calculated using the proposed formulation 
and the formulation proposed by Munk and Anderson (assuming a linear decay of the 
Reynolds stress). The results are shown in figure 5.41. 
Figure 5.41 shows that the proposed formulation can predict very well the value of the 
Reynolds stress but the Munk and Anderson's formulation, assuming a linear decay of 
the Reynolds stress, over-predict the value of the Reynolds stress. There are three 
reasons for the over-predicted values. First, as shown in Figure 5.41a, the Reynolds 
stress values for the homogeneous flow condition (DDi = 0 kg/m3) are over-predicted 
by the linear decay formulation, meaning that the eddy viscosity coefficient for the 
homogeneous flow condition are over-predicted by this formulation (Figure 5.38). 
Second, the Munk and Anderson's formulation over-predict the exchange coefficient 
(see Figure 5.39). Therefore, the eddy viscosity coefficients for stratified flow 
conditions are substantially increased when compared with the actual values. And 
third, contrary to the proposed formulation, the differences in the velocity gradients 
for homogeneous and stratified flow conditions are not taken into account by the 
previous formulation. 
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Figure 5.41 - Reynolds stress calculation using different formulation. 
(.) Measured; (-) Proposed formulation; (-_.) Munk and Anderson 
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5.10.1.1 Concluding remarks 
There are several formulations that can be used to predict the value of the Reynolds 
stress under stratified flow condition. However, none of them are of general use and 
therefore, they are only applicable for flows that are similar to the one in which they 
were derived. 
This study shows that the exchange coefficient is affected by stratification. But also 
other properties of the flow, like for instance secondary currents, affect the value of 
this parameter. Therefore, the present formulations need to be revised so that a more 
universal expression can be derived. 
The present study was conducted in a channel with an aspect ratio (BIH) of 1. 
Although it shows that other parameters can affect the value of the exchange 
coefficient, further research is necessary to investigate the behaviour of this 
coefficient under different flow conditions. 
5.10.2 Reynolds flux 
It was shown in section 5.9 that stratification affects the value of the Reynolds flux. 
However, the trend of the data was not smooth, as for the Reynolds stress. Therefore, 
a similar analyse could not be carried out. 
5.10.3 The flux Richardson number 
The variation of the flux Richardson number (RI) with the gradient Richardson 
number (Ri) is shown in Figure 5.42. 
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Figure 5.42 - Flux Richardson number against gradient Richardson number 
As Ri increases, the flux Richardson number tends to 1.0, which indicates that the 
production of turbulent kinetic energy (TKE) due to buoyancy approaches the same 
magnitude of the production of TKE due to the Reynolds stress (see definition of Ri 
in section 2.4.8). 
Figure 5.42 also shows that for weak stratification (Ri < 0.1), the flux Richardson 
number (Ri) is smaller than 0.2, which means that the contribution of buoyancy to 
the production of turbulent kinetic energy (TKE) is small compared to the production 
of TKE due to the Reynolds stress. 
5.10.4 The turbulent Sehmidt number 
Figure 5.43 shows the distribution ofthe inverse Schmidt number (Se-I) as a function 
of Ri. The experimental data of Webster (1964) and the equation proposed by Bloss 
(1985) were included for comparison. A peak (Se-I = 2.3) can be observed around 
Ri = 0.1. For Ri < 0.1, the inverse Schmidt number becomes smaller and the value 
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approaches 1.0. However as Ri increases to values larger than 1.0, the value of Se- I 
starts to decrease again. The trend of the data agrees well with the results of Webster 
(1964), however the results presented in this work are larger than the results obtained 
by Bloss (1985). 
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Figure 5.43 - Variation of Schmidt number with stratification 
As reported before, the data presented here is limited and nothing can be said about 
the effects of stratification for Ri > 1.0. However, for the range of stratification 
considered, Se -I is, in general, bigger than 1.0, indicating that the turbulent mixing of 
solute is larger than the turbulent mixing of momentum. As Ri increases 
(Ri> 0.1), the eddy viscosity decreases (Figure 5.39) but the rate of decrease in the 
eddy diffusivity is larger than the rate of decrease in the eddy viscosity. For this 
reason the inverse Schmidt number also decreases with the increase in stratification. 
This behaviour was already pointed out by other researchers [e.g., Ellison, 1957; 
Shiono, 1981]. 
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5.11 Turbulent kinetic energy budget 
As seen in Section 2.5, the turbulent kinetic energy (TKE) plays an important role in 
transport and mixing processes. The TKE equation was presented in section 3.4. In 
this section an analysis of each term in the TKE equation (Equation 3.12) is 
performed and their importance to the TKE budget is assessed. To provide a clearer 
picture of how each term was calculated, each term of Equation 3.12 was expanded 
from the tensor notation and is shown below. 
For steady and fully developed flow, Equation 3.12 becomes: 
where 
B = k U.C P I 
A=D+P-B-E 
= V dk + W dk 
dy dz 
(5.13) 
(5. 13 a) 
(S.13b) 
(S.13c) 
It is very difficult to measure the turbulent energy dissipation rate (E) directly 
because it involves measuring the velocity simultaneously in more than one point of 
the flow domain. However, it can be estimated from the energy spectrum, as 
described in section 3.4.2. The diffusive transport (D) is obtained by the balance of 
the terms in Equation 5.13. 
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Figure 5.44 shows the TKE budget for the non-stratified case. The turbulence 
production term (P) is shown in Figure 5.44a. It is very clear from this figure that the 
value of this term is higher close to the bed and near the channel wall. This is because 
the wall and the bed of the channel are the main sources of turbulence, as reported in 
section 2.5. The values of P near the wall are very similar to the values of P near the 
bed of the channel, indicating that there is no difference between the turbulent 
production mechanisms near the bed and near the wall of the channel. 
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Figure 5.44 - Turbulent kinetic energy budget (homogeneous flow). 
Figure 5.44b shows the turbulent dissipation term (E). The similarity between this 
tenn and the production term (P) is quite impressive. This figure shows that for the 
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whole flow domain the production (P) is balanced by the dissipation rate (E), which 
confirms the assumption usually adopted by many workers in the literature [Garratt, 
1972; Bradley, 1981; West et aI., 1986]. 
The advective term is shown in Figure S.44c. If the flow is not turbulent this term is 
equal to zero. The advection of TKE is negative near the wall and close to the bed of 
the channel. This is because near the wall the lateral velocity (V) is comparatively 
small, and therefore A = W fJk/fJz. Near the wall, W is positive (Figure 5.4) and 
fJk/fJz is negative (Figure 5.21). Therefore, A is also negative in this region. 
Similarly, close to the bed of the channel W is very small, and therefore, 
A = V fJk/fJy. Because V is positive and fJk/fJyis negative, A is also negative in this 
region. At the centre of the channel, the lateral velocity is small and both Wand 
fJk/fJz are negative, hence A is positive. For the corner bisector region, the flow is 
directed towards the corner and both velocities and also the TKE gradients are 
negative, hence A in positive. In terms of magnitude, the advective term is very small 
compared to the production tenn (Figure 5.44a), except for a small region at the 
centre of the channel where the production is also small. 
The diffusion term (D) is shown in Figure 5.44d. This tenn was calculated as the 
remainder of the TKE equation. Negative diffusion indicates that the production is 
bigger than dissipation, and positive diffusion implies that the TKE production is 
smaller than its dissipation. It can be seen from Figure 5.44 that the diffusion tenn is 
relatively large near the wall and near the bed of the channel. This is because, as 
explained before, the diffusive term also includes the contribution of all other terms 
that were neglected due to the hypotheses that were applied to the TKE equation, like 
for instance the fully developed flow condition. Although the diffusion term is large 
near the boundaries, Figure 5.44 shows that the majority of the turbulence that was 
produced (P) are balanced by its dissipation rate (E ). 
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5.11.1 Effects of stratification on TKE balance 
In this section the effects of stratification on TKE balance are discussed. For all the 
stratified flow cases that were considered, it was observed that the advection tenn 
behaves in a similar way to that of the homogeneous case and was always within 5% 
of the production rate. Therefore, the advection tenn is not significant and is not 
shown on the figures below. 
Figure 5.45 shows the TKE budget for the DDi = 1 kglm3 case. Figure 5.45a shows 
that the TKE production has a pattern very similar to the homogeneous case, with the 
production of TKE being a bit larger near the wall when compared with the 
production of TKE near the bed. This behaviour is caused by secondary currents, 
which distort the velocity distribution inducing vertical velocity gradients near the 
wall while near the bed the lateral velocity gradients are very small. As shown in the 
beginning of this chapter, the velocity gradients are directly related to the mechanisms 
of TKE production. 
The dissipation rate of TKE is shown in Figure 5.45b. It is also noticed that the TKE 
dissipation rate (E) has a pattern very similar to the TKE production (P). However, 
the contour plot only gives a general idea of the distribution of these tenns but a direct 
comparison of the local magnitude of each tenn is not straightforward. A local 
comparison of the magnitude of each term will be given later when the comparison 
between the different cases is presented. At moment, the importance of each tenn in 
the vorticity equation is analysed separately and for that, the contour plot suffices. 
The buoyancy tenn is shown in Figure 5.45c. The maximum value of B is less than 
1 % of the maximum production. At a specific location, the maximum value of B is no 
more than 4% of P, except for a region at the centre of the channel, near the water 
surface, where the production is very small and B can be up to 7% of P. Therefore, for 
the DDi = 1 kglm3case, the production of TKE due to buoyancy (B) is negligible 
when compared with its shear production (P). 
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Figure 5.45 - Turbulent kinetic energy budget (DDi = 1 kglm3). 
Figure 5.45d shows the diffusion term. As explained for the non-stratified flow case, 
this term is quite large near the wall and near the bed of the channel. However, this 
term takes into account all the other terms that were not considered in the balance. 
When the advection term and the buoyancy term are quite small, this term basically 
reflects the difference between the production (P) and the dissipation (E) terms. 
The results obtained for the DDi = 3 kglm3 case are shown in Figure 5.46. The 
distribution of the production term (Figure 5.46a) and the dissipation term distribution 
(Figure 5.46b) are still very similar to the two previous cases. Although, some 
differences on the contour lines are noticed for the different cases, these two terms are 
still the main contributors to the energy budget. 
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Figure 5.46 - Turbulent kinetic energy budget (DDi = 3 kglm\ 
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The buoyancy term is shown in Figure 5.46c. For this case as well, B is usually only a 
small fraction of P. However, for the regions of low energy production, B is as large 
as P and therefore contributes to the TKE budget. 
Figure 5.46d shows that at the centre of the channel, near the water surface, P is quite 
small and the TKE dissipation (E) is in balance with its diffusion (D). However, this 
statement has to be taken with care because the term D was calculated by the 
difference of the other terms and if the flow is not developed it does not represent 
sheer diffusion. 
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For the DDi = 5 kg/m3 case, the results are presented in Figure 5.47. A qualitative 
analysis of the terms in this figure shows that the balance did not change considerably 
with the increase in stratification level. Still the production term (Figure 5.47a) and 
the dissipation term (Figure 5.47b) are the dominant terms in the TKE balance. 
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Figure 5.47 - Turbulent kinetic energy budget (DDi = 5 kg/m3). 
The buoyancy term (Figure 5.47c) increases in magnitude with the increase in the 
stratification level, however it is still negligibly small when compared to the two other 
terms (P and E). 
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The diffusion term (Figure 5.47d) is quite large, but not much can be concluded 
because this term does not represent only diffusion but the remainder of other terms 
that were not considered in the TKE budget. 
In order to compare the terms involved in the TKE budget, for the different values of 
DDi, the TKE budget at the centre of the channel is presented in Figure 5.48. 
Figure 5.48a shows the TKE budget for the non-stratified case. It is very clear from 
this figure that the highest production of TKE occurs near the bed and the production 
rate decreases continuously towards the water surface. The TKE production (P) is 
counterbalanced by its dissipation rate (E). However, for z/H < 0.2, the diffusion 
term (D) is quite large, and the production (P) is not in balance with dissipation (E ). 
This can be caused by the secondary current generated in the corner, which increases 
the TKE production. The advection term (A) is negligibly small compared to the 
other terms. 
The results for the DDi = 1 kg/m3 case are presented in Figure 5.48b. For z/H < 0.5, 
the TKE production (P) is in balance with its dissipation (E). However, for 
z/H > 0.5, the production of TKE is quite small and the dissipation rate (E) is in 
balance with the diffusion rate (D). The advection term (A) and the buoyancy term 
(B) are both negligibly small when compared to the other terms. 
Figure 5.48c shows that for the DDi = 3 kg/m3 case, the balance is the same as for the 
DDi = 1 kg/m3 case, concerning the relative importance of each term. The dissipation 
rate shows a large value near the water surface, which does not agree with the general 
trend shown by the other values of DDi, but this must have been occasioned by some 
problems concerning this specific measurement. 
For the DDi = 5 kg/m3 case, Figure 5.48d shows that P is in balance with E for 
z/H < 0.6. But for z/H > 0.6, the production (P) is quite small, and the diffusion (D) 
becomes an important parameter. Even for the highest stratification level, the 
buoyancy term (B ) does not contribute significantly to the energy budget. 
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Figure 5.48 - Stratification effects on TKE budget (y/B = 0.45). 
Although the buoyancy term does not contribute significantly to turbulent kinetic 
energy budget, stratification does affect the TKE budget through the TKE production 
term being damped by stratification. 
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CHAPTER 6 
Compound channel results 
As shown in Section 2.6, the main aspect that differs in compound channel flows and 
rectangular channel flows is the interaction that occurs between the main channel and 
the flood plain. With the advances in measuring techniques, many works have been 
carried out to evaluate how this interaction can affect the flow behaviour. However, 
the majority of the studies available in the literature were carried out for 
homogeneous flow, and none of them consider the effects of stratification on flow 
behaviour. This chapter deals with the transport and mixing mechanisms in compound 
channels, under homogeneous and stratified flow conditions. 
6.1 Secondary flow and longitudinal velocity distribution 
The longitudinal velocity distribution and secondary flow currents for the non-
stratified flow case in the compound channel are shown in Figure 6.1. 
Figure 6.1a shows the longitudinal velocity distribution normalised by the cross-
sectional average velocity (U). Strong bulging in the contour lines is observed in the 
junction area between the main channel and the flood plain (MCFP-junction). In the 
main channel (MC) the flow is not symmetric with respect to the centre line 
(ylB=O.25) and the velocities are higher on the right hand side of the channel. On the 
flood plain (FP), for ylB>O.6, the longitudinal velocity decreases as the water surface 
is approached. This behaviour is explained by the secondary current profile. 
The secondary flow currents are presented in Figure 6.1b. A pair of vortices is formed 
in the MCFP-junction area. These vortices move fluid with low momentum from the 
junction towards the water surface, decreasing the velocity in this region and 
consequently causing the bulging in the longitudinal velocity contour. 
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Figure 6.1 - Longitudinal velocity distribution and secondary current profile at 
xlDh = 76 , non-stratified flow case. 
The vortex formed on the left hand side of the MCFP-junction, hereafter called the 
"MC vortex", moves downwards after reaching the water surface, and carries fluid 
with high momentum towards the right wall of the main channel. The distortion of the 
longitudinal velocity distribution (Figure 6.1a) matches very well the secondary 
current pattern in this region. 
The vortex formed on the right hand side of the MCFP-junction, hereafter called the 
"FP vortex", after reaching the water surface moves high momentum fluid from the 
water surface region towards the centre region of the flood plain. Due to the 
downwards movement of this vortex at the centre of the flood plain, another vortex is 
formed in the flood plain, which occupies the other half of the flood plain. 
The maximum magnitude of secondary currents is about 6% of cross-sectional mean 
velocity (U). This value is in accordance with the values usually encountered in the 
literature [e.g., Tominaga and Nezu, 1990] and is more than twice the value of the 
maximum magnitude of the secondary flow current in the rectangular channel. 
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6.1.1 Stratification effects on longitudinal velocity 
The stratification effects on longitudinal velocity distribution are analysed in this 
section. Figure 6.2 shows the longitudinal velocity distributions for the four cases 
considered (i.e., DDi = 0, 1, 3 and 5 kg/m3). The results obtained for the non-stratified 
case were discussed in the previous section and are also shown in Figure 6.2a for 
reference. 
Figure 6.2b shows the longitudinal velocity distribution for the DDi = 1 kg/m3 case. 
The distortion of the contour lines in the MCFP-junction is not so pronounced as in 
the non-stratified case. The asymmetry of the flow in the main channel with respect to 
the centre line (ylB=0.25) is also not as large as in the non-stratified case. This 
behaviour is caused by the decrease of intensity of the secondary current in the 
MCFP-junction area, which is explained in the next section. 
The longitudinal velocity distribution for the DDi = 3 kg/m3 case is shown in 
Figure 6.2c. For this case, the maximum velocity occurs at the centre of the main 
channel (ylB=0.25). Although the distortion of the contour lines in the 
MCFP-junction area are not so pronounced as in the previous cases, it is still possible 
to see the effect of the secondary flow on the longitudinal velocity distribution. The 
secondary currents move high momentum fluid from the water surface region towards 
the right wall in the main channel, causing the asymmetry of the flow with respect to 
the centre line. It also moves high momentum fluid downward at ylB=0.6 in the flood 
plain, causing the bulging of the velocity contour in this region. 
For the DDi = 5 kg/m3 case, the results are shown in Figure 6.2d. This figure shows 
that the maximum velocity occurs at the centre line of the main channel (y/B=0.25). 
The magnitude of the maximum velocity is larger than the magnitude observed in the 
other cases, indicating that it increases with the increase in stratification level. The 
velocity contours in the main channel are more symmetric with respect to the centre 
line, and the bulging of the contours in the MCFP-junction area are not so 
accentuated. 
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Figure 6.2 - Longitudinal velocity distributions at xlDh = 76 . 
It is clear from Figure 6.2 that stratification affects the longitudinal velocity 
distribution. Although the secondary current profiles were not shown yet, it is 
envisaged that the distortions on the contour lines are caused by the secondary 
currents. These results show that the higher the stratification level the smaller the 
influence of the MCFP-junction on the longitudinal velocity distribution. The reason 
for this behaviour is explained in the following section where the effects of 
stratification on secondary currents are analysed. 
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1 
6.1.2 Stratification effects on secondary currents 
In this section the stratification effects on secondary currents is analysed. Figure 6.3 
shows the secondary current profiles for the different stratification levels considered. 
The secondary current profile for the non-stratified flow case was discussed in the 
beginning of this chapter and is also shown in Figure 6.3a for reference. 
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Figure 6.3b show the secondary current profile for the DDi = 1 kg/m3 case. The 
MCFP-junction vortices are distinct but their patterns are not the same as those for the 
non-stratified case. In this case, the downward motion caused by the MC vortex is not 
so strong, and the intensity of the flow that moves high momentum fluid towards the 
right side wall in the main channel is smaller than that observed in the non-stratified 
flow case. For this reason, the bulging of the longitudinal velocity distribution 
towards the right wall in the main channel are not so accentuated. The FP vortex is 
also smaller and its downward movement creates another vortex in the flood plain, 
occupying the remaining width of the flood plain. These results indicate that the 
distortions observed in the longitudinal velocity distribution (Figure 6.2b) are due to 
secondary currents (Figure 6.3b). 
The secondary currents for the DDi = 3 kg/m3 case are shown in Figure 6.3c. The 
secondary flow pattern is basically the same as that for the DDi = 1 kg/m3, but the 
MCFP-junction vortices became smaller. The contribution of the MC vortex to the 
increase in the longitudinal velocity on the right side of the main channel is not so 
strong, and the FP vortex also decreased in size. As a consequence of this, the other 
vortex formed in the flood plain occupies a larger portion of the flow domain. 
For the DDi = 5 kg/m3 case (Figure 6.3d), although there is a strong flow from the 
MCFP-junction towards the water surface, the MC and the FP vortices are not so 
easily identifiable. The MC vortex is now moving high momentum fluid downward 
and therefore does not cause the asymmetry of the longitudinal velocity distribution 
(Figure 6.2d). The FP vortex is now smaller when compared with the previous cases 
but the other vortex in the flood plain occupies around 80% of the flood plain. 
From Figure 6.3 it can be concluded that, as for the rectangular channel, stratification 
affects the secondary current profile and the longitudinal velocity distribution. The 
MCFP-junction vortices are the main characteristic of compound channel flows, and it 
was found that their size decreases with the increase in stratification level. 
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6.2 Density distribution 
In this section the density distributions are analysed. In order to obtain a clearer plot 
of this quantity, the reference density (Pr = 1000 kg/m3) was subtracted from the 
density values. Therefore, the value that is plotted is in fact the density difference 
(DD = P - Pr). Although a constant was subtracted from the actual value, these 
distributions will still be referred as density distribution. 
Figure 6.4 shows the density distributions together with the secondary current profiles 
for the three stratified cases that were considered. The density distribution for 
DDi = 1 kg/m3 is shown in Figure 6.4a. In the main channel, the density is higher near 
the left side wall because the secondary flow (Figure 6.4b) moves the denser fluid 
upwards on lower part of the main channel, and also the turbulent intensity is larger 
near the wall increasing the mixing. Due to the combined action of secondary currents 
and turbulent mixing, a lateral density gradient is created in the MCFP-junction and 
the denser fluid is carried onto the flood plain. At this cross-section, the density 
difference (DD = P- Pr) near the flood plain wall is DD = 0.1 kg/m3, which indicates 
that the denser water of the main channel has already reached the FP wall but has not 
been completely mixed, indicating that the mixing is still in progress. 
The density distribution for the DDi = 3 kg/m3 case is shown in Figure 6.4c. This 
figure shows that intense mixing takes place near the left wall. However, the up-flow 
caused by the secondary current is not very large in this region (Figure 6.4d), which 
means that the wall generated turbulence must be the main contributor to the mixing 
process in this region. The contribution of the wall generated turbulence to the mixing 
process is discussed in the next sections. For this case, the combined action of the 
secondary flow and wall generated turbulence has also created lateral density 
gradients, which carries the denser fluid onto the flood plain. 
For the DDi = 5 kg/m3 case (Figure 6.4e), the mixing process is similar to the 
previous cases (DDi = 1 and 3 kg/m\ However, the lateral density gradients in the 
main channel are smaller because the up-flow near the wall has been damped by 
stratification and therefore, the mixing is more homogeneous. 
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Figure 6.4 - Density distributions and secondary currents at xl Dh = 76. 
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6.3 Flow visualisation of the mixing process in compound channel 
In this section the same visualisation technique used for the rectangular channel is 
used to visualise mixing mechanisms in the compound channel. The turbulent motion 
of the fluorescent dye for the non-stratified and stratified (DDi = 5 kg/m3) flow cases 
is shown in Figure 6.5. As it was observed for the rectangular channel, the turbulent 
motion for the non-stratified flow case (Figure 6.5a) is more pronounced than the 
turbulent motion for the stratified flow case (Figure 5.16b). This indicates that 
buoyancy forces caused by stratification reduce turbulent mixing. 
Downstream (xl Dh = 7.1), the two fluids are more mixed and the difference between 
the stratified and non-stratified flow cases becomes clearer (Figure 6.5c - d). For the 
non-stratified case (Figure 6.5c), the dye seems to go further upwards when compared 
with the stratified flow case (Figure 6.5d). Another interesting feature shown in this 
figure occurs near the MCFP-junction. The dye, which represents the denser fluid, 
moves upward and then goes onto the flood plain. As reported by Tominaga and Nezu 
(1991) the turbulent intensities increase in the MCFP-junction and also due to the 
anisotropy of turbulence two vortices are formed in this region transporting low 
momentum fluid upward. Therefore, both phenomena contribute to carry the denser 
fluid from the main channel to the flood plain. However, detailed measurements of 
both, secondary currents and turbulent intensities, would be necessary at this 
cross-section to identify which mechanism is the most important. 
Further downstream (xIDh= 12), the dye approaches the water surface near the left 
wall for the non-stratified flow case (Figure 6.5e). This behaviour indicates that the 
turbulence intensity is higher near the wall. Figure 6.5e also shows that the dye has 
mixed considerably near the MCFP-junction. This shows that the MCFP-junction has 
a strong influence in the mixing process. For the stratified flow case (Figure 6.5f), the 
turbulent mixing is not so intense, and the dye does not mix as much as in the non-
stratified case, which confirms that stratification reduces the mixing of the two fluids. 
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a) Non-stratified atxIDh=3.3 b) DDi = 5 kg/m3 at xlDh = 3.3 
c) Non-stratified at xIDh=7.1 d) DDi = 5 kg/m3 at xIDh=7.1 
e) Non-stratified at xlDh = 12 f) DDi = 5 kg/m3 at xlDh = 12 
Figure 6.5 - Instant digital video frames for non-stratified and highly stratified flows 
along the open channel inlet region (compound channel case). 
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As it was already reported in section 5.4, for the rectangular channel: 1) the wall-
generated turbulence substantially contributes to the vertical mixing; and 2) the 
turbulent mixing is clearly reduced by stratification. For the compound channel case 
in particular, the MCFP-junction also has a strong influence on the flow behaviour 
and contributes to the mixing process. 
6.4 Vorticity 
In this section the vorticity balance is carried out for the compound channel case. 
Before assessing the contribution of each term in the vorticity equation to the 
generation of secondary currents, a brief description of the vorticity field is given 
below. The vorticity field is presented in Figure 6.6. To keep the same normalisation 
used to the rectangular channel case, the values are multiplied by 100 and divided by 
(U/H). 
For the non-stratified flow (Figure 6.6a), the MCFP-junction vortices are very clear 
and occupy a considerable area. The FP-vortex carries the fluid from the 
MCFP-junction to almost the centre of the flood plain, contributing considerably to 
the mixing process between the main channel and the flood plain. The existence of the 
FP-vortex creates another counter-rotating vortex on the flood plain, which occupies 
the rest of the flood plain. As discussed in section 6.1 these vortices are the main 
characteristic of compound channel flows. 
Figure 6.6b shows the vorticity field for the DDi = 1 kg/m3 case. The vortices that are 
seen in Figure 6.6a (non-stratified case) are also seen in Figure 6.6b. However, the 
sizes of these vortices are different from those observed in the previous case. This 
behaviour was already discussed in section 6.1. 
For the DDi = 3 kg/m3 case, the size of the FP-vortex becomes very small and the 
other vortex occupies almost the entire flood plain. But still, the FP-vortex carries the 
fluid from the MCFP-junction onto the flood plain and then, the other vortex carries it 
towards the flood plain wall. The MC-vortex also decreases in size. 
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Figure 6.6 - Longitudinal vorticity (1000\ /(U /H») at x/(4Rh) = 76. 
For the highest stratification level (DDi = 5 kg/m\ Figure 6.6d shows that the overall 
flow pattern is still the same but the FP-vortex is even smaller than in the previous 
case (DDi = 3 kg/m3). As it will be explained in the next section, this occurs because 
stratification affects the Reynolds stress distribution, which is one of the main 
contributors to the generation oflongitudinal vorticity. 
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1 
6.4.1 Vorticity balance 
In order to assess the importance of each term in the vorticity equation to the 
generation of secondary currents. Each term of the longitudinal vorticity equation was 
calculated and is shown in Figure 6.7. 
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Figure 6.7 - Longitudinal vorticity balance at xlDh = 76, non-stratified flow. 
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Figure 6.7 shows that the balance is not closed by the terms that are shown alone, 
therefore the flow must be still developing, and the terms involving the longitudinal 
gradient can not be neglected. 
Although there is no distinctive pattern for the majority of the terms presented above, 
it can be seen from Figure 6.7b that the term involving the normal stresses (i.e., the 
production term) is the most important term for the balance, representing up to 40% of 
(U/H)2. 
The advective term (Figure 6.7a) is also important near to the main channel wall and 
around the MCFP-junction, representing up to 10% of (U I H)2. However it is 
negligible near the bed of the channel and near the flood plain wall, when compared 
with the production term (Figure 6.7b). 
The term involving the Reynolds shear stress (Figure 6.7c) is also contributing to the 
vorticity balance. This term is less than 5% of (U I H) 2 for the majority of the flow 
domain, but it reaches up to 20% of (U I H)2 near the left corner of the main channel. 
The viscous term (Figure 6.7d) is no more than 2% of (U/H)2 and can be neglected 
when compared with the other terms. 
6.4.2 Stratification effects on vorticity balance 
In order to evaluate the effects of stratification on the vorticity balance, each term of 
the vorticity equation was calculated and the results obtained for the DDi = 5 kg/m3 
case are presented in Figure 6.8. The viscous term was found to be much smaller than 
the other terms and for this reason is not shown in this figure. 
The advective term is shown in Figure 6.8a. It can be seen from this figure that the 
advective term is less than 5% of (U IH)2 for the majority of the flow domain. Large 
values of the advective term occur on the lower part of the side wall, near the MCFP-
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junction, and on the flood plain, corresponding very well with the positions in which 
the vortices are stronger (Figure 6.6d). 
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Figure 6.8 - Longitudinal vorticity balance at xlDh = 76, DDi = 5 kg/m3• 
The production term is shown in Figure 6.8b. When compared to the other terms, this 
term is the largest one, but when compared to the non-stratified case, it is reduced 
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considerably, representing roughly 20% of (U I H)2. Therefore, it is clear that 
stratification affects the mechanism of secondary flow production. 
The Reynolds shear stress term is shown in Figure 6.8c. It represents around 10% of 
(U I H)2 near the boundaries and can reach up to 20% of (U I H)2 near the flood 
plain wall. This term also contributes to the vorticity balance and therefore can not be 
ignored. 
The gravity term is shown in Figure 6.8d. This is the second largest term in the 
vorticity equation and represents around 15% of (U IH)2, being as large as the 
production term in some regions. As explained in section 5.5, for the rectangular 
channel case, the lateral density gradient also contributes to the production of 
secondary currents. This term is very important in stratified flows and can not be 
ignored in order to predict the secondary current accurately. 
6.4.3 Concluding remarks 
The results obtained for the compound channel case confirm the results obtained in 
the rectangular channel case, in which for the non-stratified case the secondary 
currents are generated by anisotropy of turbulence and the shear stress also has an 
important effect on the mechanism of generation of secondary currents. However, for 
the stratified flow case, the gravity term is also important and can not be ignored. 
In order to predict accurately the secondary currents in a stratified flow, turbulence 
models have to consider the stratification effects on secondary currents through the 
gravity term in the vorticity equation. If the effects of stratification are only 
considered in the turbulent terms through the use of damping functions, the secondary 
currents will not be accurately predicted because the production term in the vorticity 
equation is not the only parameter that contributes to the secondary current 
generation. 
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6.5 Turbulent intensities and the turbulent kinetic energy 
The turbulent intensity distributions for the compound channel case are shown in 
Figure 6.9 together with the turbulent kinetic energy (TKE) distribution for the non-
stratified case. An overall look at the turbulent intensity distribution shows that the 
inequality u '>v '>w' still holds for the compound channel flow. However, the ratio 
between these quantities depends on the region under consideration. 
1 1 
0.8 0.8 
:: 
• 
Q 0.6 0 
.. 
.. 
.. 
· 
0 
.. 
.. 0.' 
• 0 
.. 
.. 
k 
• :- 0.2 
(~bJ,r- \,.~ ,~\ "'l~ ~' ~~ ,gr 
:: 
• 
Q 0.6 0 
.. 
.. 
.. 
· 
0 
.. 
.. 0.' 
• u 
.. 
.. 
k 
• :- 0.2 
r ['-' '11 ~i'>-v~ 
.)Jr='~ 
"',j' ~; F'~::: ? '( i i 0"-
> ,.<~ r~ 5 
0 
0.2 0.' 0.6 0.8 1 0.2 0.' 0.6 0.8 
L.~.r.l poaitioD - rIB Lateral poaitioD - riB 
a) u'lu* b) v'lu * 
1 
0.8 0.8 
:: 
· 
Q 0.6 0 
.. 
.. 
.. 
• 0 
.. 
.. 0.' 
• 0 
.. 
.. 
k 
• :- 0.2 
:: 
• 
Q 0.6 0 
.. 
.. 
.. 
• 0 
.. 
.. 0.' 
• 0 
.. 
.. 
k 
• :- 0.2 
\~~ -. -~ .~"~~~~'( \P/, 
_ .(1 ~ ] '. ~ ~~ 
~[ ~'~.\~ 
r :') .~~' rl,)~ 
0 0 
o 0.2 0.' 0.6 0.8 o 0.2 0.' 0.6 0.8 
Lateral poaitioD - ylB Lateral poaitloD - ylB 
c) w'lu * d) k lu *2 
Figure 6.9 - Turbulent intensities and TKE at x/(4Rh) = 76, non-stratified flow. 
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The turbulent intensity in the longitudinal direction (u') is shown in Figure 6.9a. As it 
should be expected the value of u' is larger near the boundaries than in the other 
areas. But the most remarkable characteristic is the bulging in the contour lines near 
the MCFP-junction. The bulging in the contour lines is similar to that observed in the 
longitudinal velocity distribution, which is caused by secondary currents. This 
behaviour can be explained by the fact that the secondary current moves low 
momentum fluid away from the MCFP-junction area, affecting the longitudinal 
velocity distribution, and increasing the mixing in this region. 
The turbulent intensities in the lateral and vertical directions are shown in Figure 6.9b 
and Figure 6.9c, respectively. As for the longitudinal component, these components 
are also larger near the boundaries of the channel than in the other areas, and the 
bulging in the contour lines is similar to that observed in the longitudinal velocity 
distribution. However, the pattern shown by v' is different from that shown by w', 
implying that the turbulence is not isotropic. As discussed in sections 5.5, for the 
rectangular channel case, and in section 6.4, for the compound channel case, the 
anisotropy of turbulence is one of the main mechanisms of secondary current 
generation. 
The TKE distribution is shown in Figure 6.9d. The largest magnitude of this 
parameter occurs near the main channel wall and on the flood plain bed. The 
distortions in the contour lines are similar to those observed in the longitudinal 
velocity distribution, indicating that the TKE is also affected by the secondary 
currents. 
6.5.1 Stratification effects on turbulent intensities and TKE 
To evaluate the effects of stratification on turbulent intensities and TKE, the results 
obtained for the DDi = 5 kg/m3 case are shown in Figure 6.10. Figure 6.lOa shows the 
turbulent intensity in the longitudinal direction (u'). It can be seen from this figure 
that the bulging in the contour lines are not so strong as that observed in the non-
stratified case (Figure 6.9a). As a result of this, the asymmetry of the contour lines in 
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the main channel is less pronounced and the values of u' near right side wall are larger 
than the values observed for the non-stratified case. Except from this region, which 
was directly affected by the secondary current, the values of u' are smaller than the 
values observed in the non-stratified case. This indicates that the value of u' decreases 
with stratification. 
1 1 
0.8 0.8 
~ ~ 
• 
· ~,L-'-~~ .... 1.2 ~\.T-f.'" '~l,J~ 
'I-'" 
-,. 
A 
"sI \.s~Vo .,) A 0.6 / .. 0.6 0 to \.s-.... 0 .. (;:::::::2 , I .. .. .. .. .. 
· 
, • 0 0 
Po Po 
.. 0.' .. .. 0.' 
• ~2 • " " .. .. .. .. • .. • • :- 0.2 :- 0.2 
1.5 
0 
0.2 0.' 0.6 0.8 1 0.2 0.' 0.6 0.8 
Lateral poaition - yiD Lateral poaition - ylS 
a) u'/u* b) v'/u * 
1~-------------------------, 1 
0.8 0.8 
~ ~ 
• 
· 
A 0.6 J ) J 1 ~ ""'7 t,,/ 0 ~ \ ~ ~ ~)~ __ >4 /-.. .. .. • 0 
Po 
.. 0.' 
• 
" ~ ... I .. .. • • :- 0.2 !J ~ 
A 0.6 0 
.. 
.. 
.. 
• 0 
Po 
.. 0.' 
• 
" .. .. 
• 
• :- 0.2 
'~/. (~'~~ I  
.' ) \~., ~'" , }1~( 
0 
0 0.2 0.' 0.6 0.8 1 o 0.2 0.' 0.6 0.8 
Lateral position - yID Lateral poaition - y/B 
c) W'/U * d) k/u *2 
Figure 6.10 - Turbulent intensities and TKE at x/(4Rh) = 76, DDi = 5 kg/m3• 
160 
1 
1 
Figure 6.lOb shows the distribution of the turbulent intensity in the lateral direction 
(v'), while the turbulent intensity distribution in the vertical direction (w' ) is shown 
in Figure 6.lOc. For both cases, the turbulent intensity is smaller, when compared with 
the non-stratified case (except from a small region near the right wall of the main 
channel). The bulging in contour lines is not so strong and are very similar to the 
bulging observed in the longitudinal velocity distribution (Figure 6.2d). 
All the components of the turbulent intensities behave in a similar way. Therefore, the 
TKE distribution also shows a similar pattern (Figure 6.lOd). The secondary current 
vortices formed in the MCFP-junction have a direct effect on the TKE distribution, 
and the bulging in the contour lines is similar to the bulging in the longitudinal 
velocity distribution. With stratification, the bulging becomes less pronounced and the 
TKE distribution on the main channel becomes more symmetric. In general, the 
results showed above indicate that the TKE decreases with stratification. 
6.6 Reynolds shear stress 
The Reynolds stress distributions for stratified and non-stratified flow cases are 
analysed in this section. The behaviour of this parameter under stratified and non-
stratified flow conditions, for the rectangular channel case, were already discussed in 
section 5.8. Therefore, special attention is given to the flow in the MCFP-junction 
area, which is the most critical area in compound channels. 
6.6.1 The vertical transfer oflongitudinal momentum 
The Reynolds shear stress distribution ( - p uw ), normalised by p u * 2 , is shown in 
Figure 6.11, together with the secondary current profiles for reference. Figure 6.11 a 
shows the - p uw distribution for the non-stratified case. It can be seen from this 
figure that the largest values of - p uw occurs near the bed of the channel, on the 
flood plain, and near the MCFP-junction. The large values of - p uw near the bed of 
161 
the channel and on the flood plain are due to the bed generated turbulence. Near the 
MCFP-junction, as explained in the turbulent intensity section, the secondary current 
(Figure 6.11b) moves low momentum fluid away from the junction originating the 
bulging in the contour lines and creating a zone of strong shear, which generates more 
turbulence. 
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Figure 6.11c shows the - p uw distribution for the stratified case. The same remarks 
made for the non-stratified flow case are valid here, however the two distributions are 
different from each other. The differences occur because the secondary current 
profiles (Figure 6.11d) are changed with stratification, altering the velocity gradient 
distribution and consequently the turbulence production. The most remarkable 
difference observed in Figure 6.11c, when compared with Figure 6.11a, occurs at 
mid-depth near the left side wall of the main channel. For the stratified flow case, 
- p uw is larger in this region. This behaviour matches very well with the secondary 
current profiles, which shows a strong lateral flow at this position when the flow is 
stratified. This strong lateral flow carries low momentum fluid away from the wall, 
increasing the mixing, and consequently, the value of - p uw . 
6.6.2 The lateral transfer oflongitudinal momentum 
The lateral component of the Reynolds shear stress (- puv ) is shown in Figure 6.12. 
Figure 6.12a shows the - puv distribution for the non-stratified case. The largest 
values of - p uv occur near the channel walls, where the lateral gradient of the 
longitudinal velocity is larger. Near the MCFP-junction the value of - p uv is 
slightly larger than near the wall on the right side of the main channel. The increase of 
- p uv in this region is due to secondary flow, which distorts the longitudinal 
velocity distribution, increasing the lateral gradient of longitudinal velocity. 
For the stratified flow case, the - p uv distribution is shown in Figure 6.12h. It is 
clear from this figure that stratification affects the - p uv distribution. The value of 
- p uv is smaller near the side wall, when compared with the non-stratified flow 
case, which means that - p uv is damped by stratification. Also, the asymmetry of 
the - p uv distribution in the main channel is less pronounced, when compared with 
the non-stratified flow case. This is because, for the stratified flow case, the secondary 
current in the main channel is more symmetric in relation to the centre line of the 
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main channel, while for the non-stratified case it carries high momentum fluid 
towards the right side wall. Near the MCFP-junction the value of - p uv is also large 
due to the lateral gradient of longitudinal velocity created by the secondary current. 
However, the pattern is different from the pattern observed for the non-stratified flow 
case. 
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Figure 6.12 - Shear stress ( - p uv I P u * 2 ) distributions at xlDh = 76 . 
6.6.3 The vertical transfer oflateral momentum 
The vertical transfer of lateral momentum, which is represented by - P vw is shown 
in Figure 6.13. Figure 6.13a shows the - pvw distribution for the non-stratified case. 
It is clear from this figure that this component of the Reynolds shear stress is smaller 
than the other two components (- p uv and - p uw ). The maximum magnitude of 
- p vw is only 10% of p u * 2 and occurs in the regions in where the secondary 
current is stronger (see Figure 6.11b). This is because both the lateral and vertical 
gradients of longitudinal velocity affects the value of this parameter and, in regions of 
strong secondary current both gradients are large, due to the bulging in the 
longitudinal velocity distribution. 
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Figure 6.13b shows the - pvw distribution for the stratified flow case. The value of 
- pvw is large (around 20% of pu *2) when compared to the non-stratified flow 
case (Figure 6.13a) but smaller than the other Reynolds shear stress components 
( - p uv and - p uw ). The large values of - p vw occurs on the flood plain, near the 
MCFP-junction and near the corners, indicating a large exchange of momentum due 
to secondary flow in these areas. 
6.6.4 Concluding remarks 
The secondary currents were found to have a direct effect on the Reynolds shear stress 
value. Near the MCFP-junction, the secondary current carries low momentum fluid 
away from the junction, originating a zone of strong shear, which generates more 
turbulence and consequently increase the value of the Reynolds shear stress. 
Stratification was found to change the velocity distribution, affecting the Reynolds 
shear stress distribution. This behaviour is directly related to the turbulence 
production. 
165 
1 
6.7 Turbulent density intensity and Reynolds flux 
The acquisition of data for this work was done during a limited period of time due to 
the loan of the equipment from the Engineering and Physical Science Research 
Council (EPSRC). For this reason, during the data acquisition, the mean flow 
quantities were plotted to confirm that the measurements were carried out properly 
and in case there were any problem during the experiment, the measurements were 
repeated. During a second stage, further analyses were carried out to obtain the 
turbulent quantities. 
From the data analysis, the turbulent density intensity was found to be one order of 
magnitude smaller than the expected, which can be related to some problems in the 
LIP calibration. In order to verify this hypothesis, the time series for the density 
measurements were required but due to some problems in the backup files, this data 
could not be retrieved. For this reason, the turbulent parameters that involve the 
density fluctuations are not presented for the compound channel. 
6.8 Turbulent kinetic energy production 
Since the time series for the velocity and concentration measurements are not 
available for the compound channel case, the turbulent dissipation rate and the terms 
involving the density fluctuations can not be estimated. Therefore, the TKE budget 
can not be carried out. However, the TKE production rate could be calculated, which 
gives some insight into the effects of the compound channel geometry and 
stratification on the TKE generation. 
The TKE production rate is shown in Figure 6.14, normalised by u* 3tH. Figure 6.14a 
shows the TKE production rate for the non-stratified flow case. The production rate is 
larger near the main channel walls. This is because, as shown in section 6.6, the 
lateral component of the Reynolds shear stress (- p uv ) is large and the lateral 
gradient of longitudinal velocity is also large, which results in large turbulence 
production rate. The vertical velocity gradients are large near the bed of the channel 
166 
and on the flood plain, but the vertical component of the shear stress ( - p uw ) is not 
as large as - p uv. Therefore, the turbulence production rate in these areas are smaller 
than near the wall. Although the TKE production rate decreases rapidly near the 
MCFP-junction (from 100 near the junction to 5 not far from it), a small bulging is 
observed in the contour lines, which means that the TKE production increases in this 
region. This is because in this area the Reynolds shear stress is large and the velocity 
gradients increases due to the existence of secondary currents, leading to a large TKE 
production rate. Although not presented here, it was found that the terms 
- uv au la y and - uw au la z are the main contributors to the TKE production, the 
other terms in equation 5.13b represents less than 5% of the total TKE production. 
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Figure 6.14 - Turbulence production distributions at xlDh = 76. 
Figure 6.14b shows the TKE production rate for the stratified flow condition. It is 
very clear from this figure that the TKE production rate is damped by stratification. 
Although the same considerations outlined for the non-stratified case still holds, the 
value of the TKE production rate decreases considerably. The decrease in the TKE 
production rate is due to the stratification effects on the longitudinal velocity 
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distribution and Reynolds shear stress, as explained in sections 6.1 and 6.6, 
respectively. 
6.9 Effect of relative depth on flow behaviour 
To conclude this study, a brief evaluation of the effects of relative depth on flow 
behaviour is carried out in this section. For that, the longitudinal velocity profile was 
measured for three different relative depths (i.e., hIH = 0.25; 0.375 and 0.5, 
respectively), under stratified and non-stratified flow conditions. 
Figure 6.15c-d, refers to the intennediate relative depth (hIH = 0.375), and 
corresponds to the configuration that was analysed in chapter 6. Figure 6. 15a-b, 
represents the case of a shallow water depth (hIH = 0.25), and Figure 6.15e-f refers to 
case of deep water depth (hIH = 0.5). 
Figure 6.15a shows the longitudinal velocity distribution for the shallow water depth 
case under non-stratified flow condition. It is seen from this figure that the contour 
lines bulge near the MCFP-junction but the bulging is limited by the water depth. Due 
to the small aspect ratio and the secondary current generated in the MCFP-junction, 
high momentum fluid is carried from the water surface towards the centre of the 
channel and consequently the velocity dip occurs (i.e., the maximum velocity appears 
below the water surface). 
The stratified flow for the shallow water depth case is shown in Figure 6.15b. The 
effect of stratification is very clear in this figure. The bulging in the contour lines is 
very small near the MCFP-junction, when compared with the non-stratified flow case. 
Besides the small aspect ratio, stratification has damped considerably the secondary 
current and as a result, the maximum velocity occurs near the water surface. 
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It can be said that for the shallow flow case, the secondary current generated near the 
MCFP-junction affects the flow behaviour. But due to the small relative depth, the 
size of the secondary current cells is limited by the water surface and the distortion in 
the contour lines is concentrated in this region. When the flow is stratified, the 
secondary current in the MCFP-junction area is not so strong and consequently the 
bulging in the contour lines is less pronounced. 
For the intermediate relative depth, the flow behaviour was already discussed in 
section 6.1. But in summary, the secondary current generated near the MCFP-junction 
has a strong effect on the flow behaviour, carrying high momentum fluid from the 
water surface region towards the right side wall of the main channel (Figure 6.15c). 
The secondary current also carries high momentum fluid from the water surface 
region onto the flood plain but once again, the size of the secondary current cell is 
limited by the water depth. For the stratified flow case (Figure 6.15d), the bulging in 
the contour lines is less pronounced, which indicates that the secondary current is not 
so strong. 
For the deep flow case (Figure 6.15e), the water depth is no longer a limiting factor 
and the FP-vortex can expand freely onto the flood plain. In the main channel, the size 
of MC-vortex is large, when compared to the dimensions of main channel. Therefore, 
the effects of secondary current in the velocity contour lines are not concentrated in 
right hand side of the main channel. For this case as well, when the flow is stratified 
(Figure 6.15f), the bulging in the contour lines is smaller, which indicates that the 
secondary current in the MCFP-junction area is less strong. 
As shown above, the relative depth can control the dimension of the MC and FP 
vortices, changing the flow behaviour. The study presented herein for the compound 
channel case (chapter 6), just examined the flow structure for one relative depth 
(hI H =0.375), and more study is necessary in order to verify the transport and 
mixing mechanisms under different flow conditions. 
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CHAPTER 7 
Conclusions 
Non-intrusive technique of 3D LDA combined with LIP has been used to measure 
turbulent velocities and salt concentration in both rectangular and compound open 
channels. Reynolds stresses and density flux have been obtained together with main 
and secondary velocities. The data in stratified flow is the first of this kind. Based on 
these data, the following conclusions can be drawn. 
7.1 Rectangular channel 
The most distinct flow characteristics of a narrow open channel are the bulging of the 
longitudinal velocity distribution towards the corner and the maximum velocity 
located below the water surface (i.e., the corner flow and velocity dip, respectively). 
These characteristics have been already reported in the literature and were also 
confirmed in this work. 
The results demonstrated that the flow development is retarded by the increase in the 
stratification level. This behaviour is caused by a weak vertical mixing, caused by the 
action of buoyancy forces originated due to stratification. 
When the stratification level increases, the velocity dip is retarded and the position of 
the maximum velocity tends to be closer to the water surface. 
From the visualisation of the flow it was observed that the wall-generated turbulence 
substantially contributes to the vertical mixing, and the turbulent mixing is clearly 
reduced by stratification. 
For the non-stratified flow, the normal stress and the shear stress terms were found to 
be of the same order of magnitude and the difference between these two terms drives 
the secondary motion. 
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For stratified flows, the normal and the shear stress terms in the vorticity equation 
become smaller as the stratification level increases. On the other hand, the gravity 
tenn increases, contributing to the secondary current generation. 
The position of the minimum TKE was found to occur well below the water surface. 
This position coincides very well with the position of the maximum velocity. It was 
also found that the increase in the turbulent intensities close to the water surface is 
related to the velocity dip. 
The Reynolds shear stress is a very important parameter in a turbulent flow. 
Stratification was found to damp the vertical exchange of momentum and 
consequently decrease the value of the Reynolds shear stress. 
The exchange coefficients are very important parameters on turbulent stratified flows. 
The results obtained in this work shows that these coefficients are very sensitive to the 
stratification level. However, these coefficients are affected by other flow parameters 
and it was not possible to obtain a universal formulation describing precisely the 
behaviour of these coefficients. 
For large stratification levels (Ri > 1.0) the production of turbulent kinetic energy 
(TKE) due to buoyancy approaches the same magnitude of the production of TKE due 
to the Reynolds stress (Rf::::: 1.0). This means that turbulence is reduced and 
consequently, the turbulent mixing of momentum and solute is also reduced. 
The data presented here was for a limited range of Ri. Therefore, no conclusions 
about the effects of stratification on flow behaviour were drawn for Ri > 1.0 . 
However, for the stratification levels that were considered, the inverse Schmidt 
number was in general bigger than 1.0. This indicates that the turbulent mixing of 
solute is larger than the turbulent mixing of momentum. As the stability increases Ri 
> 0.1, the eddy viscosity decreases, but the decrease of the eddy diffusivity is faster 
than the decrease of the eddy viscosity and for this reason the inverse Schmidt number 
also decreases with the increase in the stratification level. 
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For the majority of the flow domain, the TKE production was in balance with the 
TKE dissipation rate. The buoyancy term was, in general, only a small fraction of the 
TKE production rate. However, for the regions of low energy production, the 
buoyancy term was found to be an important parameter to the TKE budget. Although, 
for the majority of the flow domain, the buoyancy term does not contribute to 
turbulent kinetic energy budget, stratification reduces the TKE production by 
affecting the Reynolds stress terms in the TKE equation. 
7.2 Compound channel 
The most distinct characteristic of a compound channel flow is related to the MCFP-
junction. Strong bulging in the contour lines was observed in this junction area, which 
was caused by secondary currents. The pair of vortices formed in the MCFP-junction 
area carried fluid with low momentum from the junction towards the water surface, 
decreasing the velocity in this region and consequently causing the bulging in the 
longitudinal velocity distribution. 
Stratification was found to affect the secondary currents in the MCFP-junction area 
and the higher the stratification level the smaller the bulging in the longitudinal 
velocity distribution, which are caused by the secondary flow. 
The flow visualisation showed that: as for the rectangular case, 1) the wall-generated 
turbulence substantially contributes to the vertical mixing; and 2) the turbulent mixing 
is clearly reduced by stratification. For the compound channel case specifically, it also 
showed that: 3) the MCFP-junction has a strong influence on the flow behaviour and 
also contributes significantly to the mixing process. 
The results of the compound channel agree with those of the rectangular channel, 
which shows that, for the non-stratified case, the secondary currents are generated by 
anisotropy of turbulence, and the shear stress also has an important effect on the 
secondary current generation. However, for the stratified flow case, the gravity term 
also contributes to the secondary current generation. 
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In order to evaluate accurately the secondary currents in a stratified flow, the 
stratification effects on secondary currents have to be considered. If the effects of 
stratification are only considered in the turbulent terms through the use of damping 
functions, the secondary currents will not be accurately predicted. 
The bulging in the contour lines of the turbulent intensities and TKE distributions 
were found to be similar to those observed in the longitudinal velocity distribution, 
which indicates that the these parameters are strongly affected by the secondary 
currents. 
The secondary current vortices formed in the MCFP-junction area carries low 
momentum fluid away from the junction, increasing the turbulent intensities and 
TKE, hence causing the bulging in the contour lines in a similar way to the bulging in 
the longitudinal velocity distribution. It was found that the values of the turbulent 
intensities and TKE decreases with stratification. 
The secondary currents were found to have a direct influence on the Reynolds shear 
stress value. As a result of the above explanation, a zone of strong shear is formed 
near the MCFP-junction, which generates more turbulence and consequently 
increased the value of the Reynolds shear stress. 
Although the TKE production rate decreased very fast near the MCFP-junction, a 
small bulging was observed in the contour lines, which means that the TKE 
production also increased in this region. It was also found that the TKE production is 
damped by stratification. 
This study showed that the relative depth has a strong effect on flow behavior. It 
controls the dimension of the MC and FP vortices, which significantly change the 
flow characteristics. Nevertheless, the study presented herein, for the compound 
channel case, just examined the complete flow structure for one relative depth 
(hIH=0.375) and more study is necessary to verify the transport and mixing 
mechanisms under different flow conditions. 
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7.3 Future work 
The subject of this study is very complex and this work is far from conclusive. In this 
section the main aspects that arises from this study and need further research are 
pointed out . 
./ Secondary current was found to have a strong influence on flow behaviour. 
Hence, detailed studies, under different flow conditions, will contribute 
considerably to the understanding of the effects of secondary flow on transport 
and mixing processes in stratified flows . 
./ This study concentrated the attention on narrow open channels. Therefore, a study 
evaluating the influence of stratification on transport and mixing processes in 
wide open channels will complement the results achieved herein . 
./ The relative depth was found to affect the flow behaviour. However, only a 
preliminary study was presented herein. A detailed investigation of the mean and 
turbulent quantities under homogeneous and stratified flow conditions for 
different relative depths will give a significant contribution to science and 
engineering . 
./ In this study, only smooth channels were considered. However, in many 
situations, the flood plain roughness can be different from the main channel 
roughness, which will affect the flow behaviour. Further combinations of main 
channel and flood plain roughness should also be investigated to understand the 
effect of different roughness on flow behaviour. 
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